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ABSTRACT
Many new complexes of vanadium(II). and (III), 
manganese(II), and cobalt(II) and (III) have been 
synthesized and characterized. Difficulties were 
encountered in isolating most of these compounds due 
to their rapid oxidation on exposure to air. Certain 
vanadium(II) and cobalt(II) systems were found to be 
roxidized, apparently by traces of water or by the 
ligand, even in the absence of air. Experimental pro­
cedures were conducted in glass apparatus either under 
vacuum or nitrogen as all manipulations necessitated 
rigorous air-free conditions. Infra-red, ultra-violet 
and visible spectroscopy, magnetochemistry and X-ray 
powder diffraction have helped to determine the structures 
of the new compounds.
The first part of this thesis is concerned with 
investigations of vanadium(II) chemistry. New vanadium(II) 
alcoholates, VBr 2  .-6 EtOH, VI 2  . 6 MeOH, ' VCl 2 .4EtOH and 
VCl 2 .2EtOH, have been prepared from the vanadium(II) 
salts VBr 2 .6 H 2 0 , VC1 2 „4H20 and VCl 2 '.2 H 2 O r- which were 
themselves obtained via electrolytic reduction. The 
alcoholates were prepared as they were expected to be 
more suitable than the hydrates for use as precursors 
for other synthetic work in non-aqueous solvents. From 
the vanadium(II) hydrates and alcoholates compounds 
containing pyrazole, imidazole, 2 -methylimidazole,
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benzimidazole and isoquinoline have been prepared and 
characterized. Their structures were dependent on the 
nature and number of ligands bound to the metal ion. 
Complexes formulated as VL^X 2 /■ where L = a heterocyclic 
amine and X = Cl, Br and I, have distorted octahedral 
stereochemistry whereas species of the type [ V l ^ ] h a v e  
octahedral geometry. Attempts to prepare complexes of 
vanadium(II) with Schiff’s bases such as N,Nf-ethylenebis 
(salicylideneimine) from vanadium(II) salts in organic 
solvents in the absence of air were unsuccessful, 
vanadium(III) or (IV) compounds being obtained.
Attempts to prepare vanadium(II) dithiocarbamates 
were similarly unsuccessful, but the new vanadium(III) 
dithiocarbamates, ¥( 8 2 0 ^ 2 )3 / where R = Me, Et, Pr1 1 and
I
Bu , were fortuitously obtained. Investigations of these
and of dithiocarbamates of manganese(II) and cobalt(II),
are described in the second part of the thesis.
New compounds of manganese(II) containing dithio-
carbamate or dicyclohexylxanthate ions as ligands have
been isolated and their properties investigated.
Interest in the manganese(II) dithiocarbamates was
stimulated by a claim that Mn(S 2 CNEt 2 ) 2  was planar with
3
manganese (II) in an unusual spin-quartet (S = ) ground
state. Magnetic, X-ray powder and other studies
reported in this thesis show the claim to be erroneous ;
5this compound is high-spin (S = -^), but with its 
magnetic moment reduced below the spin-only value through 
antiferromagnetic interaction in an octahedral polymeric
structure. Similarly, it has been found that the complexes 
Mn(S 2 CNR 2 )2 , where R = Me, Bu 1  and \ C^Hg, have octahedral 
polymeric structures, but Mn(S 2 CNPr2 n ) 2  appears to be 
binuclear. In contrast, the dicyclohexylxanthate 
complexes MnfChxn^I^/ where L = pyridine, isoquinoline,
3,5-lutidine and y-picoline, consist of high-spin 
manganese(II) ions in a monomeric octahedral environment.
In an effort to synthesize cobalt(II) dithiocarbamates 
of the type Co (S2 CNR2 ) 2  / where R = Me, Et, Pr11, Bu 1  and 
\ C^Hg, the cobalt (III) tris-chelates were obtained, 
apparently admixed with some paramagnetic cobalt oxide 
except where R = Me and \ C^Hg. Magnetic studies show 
that Co(S 2 CNMe2 ) 2  exhibits spin-isomerism over the 
temperature range 295-90°K, whereas Co(S2 CNC^Hg)^ appears 
to be a high-spin cobalt(II) complex in which there is 
some antiferromagnetic interaction. The analogous 
cobalt(III) complexes Co(S2 CNR 2 ) 3  were also synthesized 
for comparative purposes.
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Chemical Abbreviations
acac ............ acetylacetone
bipy ............ 2 ,2 *-bipyridyl
biz ............ benzimidazole
Chxn ............ cyclohexylxanthate
dbme ............ dibenzoylmethane
E.O.F. ............ triethylorthoformate
iz........... ............. imidazole
IQ........... ......... isoquinoline
3,5-lut   3,5~lutidine
2 -miz..................... 2 -methylimidazole
mnt    maleonitriledithiolate
y-pic......... ...........  y-picoline
py........... .............pyridine
pz........... .... . pyrazole
salen.....................N,N ’ -ethylenebis (salicylideneimine)
saph...................... N,N’-phenylenebis (salicylideneimine)
tfaa......... .......... . trifluoroacetylacetone
tfd ............ bis(perfluoromethyl)-1 ,2 -dithietene
tu........... ............. thiourea
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CHAPTER I 
VANADIUM (I I) ALCOHOLATES
Introduction
1 2Vanadium forms a variety of complexes ' in oxidation
states ranging from 5 ([Ar]d°) to -1([Ar] d^) :
although little is known of the chemistry of vanadium (II)
complexes due to the powerful reducing nature and high
sensitivity to aerial oxidation of the vanadium (II) ion.
3+ 2+The standard potential for the aqueous V /V system
is -0.255V at 25°C.^ Salts of copper, silver, tin, gold,
platinum and mercury were found long ago to be reduced to
4
the metal by vanadium (II) ions. Certain volumetric
5 i
analyses and kinetic studies utilize the powerful re­
ducing ability of divalent vanadium.
Reduction of vanadium(V) oxide^ or vanadyl (IV)
7
solutions in oxygen-free electrolytic cells at a mercury
7 6cathode with a platinum or. carbon anode is the best
method of obtaining vanadium(II) solutions (Chapter VIII).
Electrolysis of methanolic vanadium(III) solutions is also 
8used. Alternatively, vanadyl (IV) solutions are often re­
duced by sodium amalgam, zinc or zinc amalgam /  acid 
mixtures.
Similarities between vanadium(II)[Ar] d^ and nickel (II) 
8[Ar]d chemistry are predicted by the crystal field theory, 
since dn and d^+n are inter-related on account of the
5
spherically symmetrical half-filled d configuration.
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However, few comparisons of vanadium(II) and nickel (II)
systems have been made.
9Khamar has tabulated the vanadium(II) complexes 
isolated prior to 1973. Since then, Larkworthy et a l ^  
have prepared a series of tetragonally-distorted trans­
dihalogen complexes of composition VL^X^ where L = a 
heterocyclic amine ; X = Cl, Br and I. They also obtained 
the products V(B-picoline) 2 Br 2  and V(y-picoline)2 Br2, 
which -exhibited strong antiferromagnetism indicative of a 
polymeric bromide-bridged structure, and some vanadium (II)
complexes with substituted ethylenediam.ine .ligands. .
1 1Rastogi and co-workers synthesized a number of vanadium(II) 
complexes with 2- (2-aminoethyl)pyridine, 8-amino-7-hydroxy~ 
4-methyl coumarin and 3,3 1 -diamino~4,41-dihydroxy diphenyl 
sulphone. Each complex had a magnetic moment of about 3.8 B.M., 
typical of divalent vanadium. Preparation and character­
ization of [VL3 ](C10^ ) 2  compounds, where L = bipy,4,4’-
dimethylbipy and 5,5 1 -dimethylbipy, have been carried out
12
by Fujita et al.
■ '■ 1 3
Torri and co-workers: prepared the complexes
V (acac) 2  (py) 2, V (tfaa) 2  (py) 2  and V (dbrne) 2  (py) 2  . The magnetic 
moments of 3.40B.M. for the first two compounds were some­
what lower than the spin-only value (p.2 2 ).
Mention of two publications concerning vanadium(II)
14 15imidazole complexes V has been deferred to Chapter II.
Murray and Sheahan^^ have discussed the electronic 
spectra of some novel binuclear mixed valence vanadium (II)- 
vanadium (III) complexes.
- 15 -
During investigations of the properties of
vanadium(II) compounds with ligands such as acetonitrile,
dimethylformamide, dioxan, hydrogen cyanide, pyridine
17and tetrahydrofu;ran, Seifert and Auel prepared several
solid vanadium(II) halide methanolates (Table 1) by
electrolysing anhydrous vanadium(III) chloride in
8methanol under argon. Hexasolvated vanadium(II)
compounds were isolated. By careful heating tetrakis-
and bis-methanoiates were also obtained. Characterization
was generally effected by susceptibility measurements,
6  18—21electronic spectra and analyses. As in the hydrates, ' 
the hexakis-methanolates had octahedral geometry, the 
tetrakis-methanolates were tetragonally-distorted, and the 
bis-methanolates had polymeric structures. No complexes 
with ethanol were reported. A series of vanadium(III) 
alcoholates with MeOH, EtOH, PrnOH, Pr^H, BunOH, Bu^DH,
'Z&r- 22 2 2
Bu OH, and CgH^OH has been described. Richardson has 
identified hexasolvated chromium(II) ions in methanol by 
means of visible spectroscopy, and isolated solid
23 24
CrCl 2 .2 MeOH. The addition of 2 ,2-dimethoxypropane ' 
and methanol to dry chromium(II) halide tetrahydrates, 
and warming to 60°C, facilitated removal of the water 
of hydration by the ether. Attempts to dehydrate 
chromium(II) hydrates with triethylorthoformate were 
successful. However, less than two molecules of ethanol
t .
were coordinated to the metal atom in the final product.
25Van Leeuwen earlier prepared hexakis-ethanol solvates of
- 16 -
' TABLE 1
Compound a ,Jo
C~ 295°K)
,^ e (B.M.) 
(~ 90°K)
Structure
VCl 2 ..4MeOH. 3.91 3.75 tetragonally-distorted
V.C12 . 2MeOH 3.24 2.59 polymer
VBr 2 '.6 MeOH 3.9 8 . 3.97 octahedral
VBr 2 .4MeOH 3.76 3.72 tetragonally-distorted
VBr 2 .2MeOH 3.36 2 . 80 polymer
VI 2 -6 MeOH 3.89 3.83 octahedral
VI 2 .4MeOH 3.83 3.64 tetragonally-distorted
a Reference 8
divalent transition metals, under a variety of conditions 
with triethylorthoformate:
M (H2 0) 6  (anion) 2  + 6E.0F--> M (EtOH) 6  (anion) 2  + 6HC00Et + 6 EtOH
where M = Mn, Fe, Co, Ni, Cu, Zn ; anion = NO 3  /CIO^ and BF^.
Similar complexes with magnesium and calcium were reported.
By using trimethylorthoformate analogous methanolate
26complexes were isolated. The properties of these materials 
were consistent with octahedral formulations.
Potential use of the vanadium (II) alcoholates as pre­
cursors for the preparation in non-aqueous solvents of 
vanadium (II) complexes with weak donor ligands, or complexes 
which might be oxidized by water, prompted their syntheses 
in this work.
Experimental
It should be stated at the outset, that each complex 
had a profound tendency to oxidize in trace quantities of 
air. When weighed on a semi-micro analytical balance, 
housed in a purpose-built perspex compartment, continuously 
flushed with nitrogen, the weight changed very rapidly. 
Consequently, the microanalyses were often low, especially 
in carbon.
All the compounds, except VCl 2 .2EtOH, were micro­
crystalline. The method of preparation of VCl 2 .4EtOH and 
VBr 2 .6 EtOH was to dissolve the corresponding hydrates in 
ethanol, which contained an excess of triethylorthoformate.
- 18 -
Evaporation to dryness at room temperature afforded the 
desired complexes mixed with ethyl formate, a by-product 
of the dehydration process using the organic ester.
Addition of sodium-dried diethyl ether extracted the 
ethyl formate, and being a weak donor solvent had no 
effect on the vanadium (II) salt. The fact that ether 
tended to strip some grease from certain taps on the 
apparatus was overcome by removing, regreasing and re­
placing the keys whilst the apparatus and products were 
continuously flushed with dry nitrogen. A 50% yield of 
VB^-GEtOH was obtained on one occasion but yields were 
not recorded as a matter of course. The complex 
V C ^ ^ E t O H  was obtained from V C ^ ^ E t O H .  Difficulties
were incurred trying to electrolyse a solution of ^ 2^5
6in AR. hydriodic acid. The acid appeared to have reacted 
in some way with the mercury cathode, with consequent 
deposition of a dark solid on its surface. Evaporation 
of mixtures of AJR, hy dr iodic acid and dry X^O^'did not 
give the previously reported blue vanadyl (IV) 'salt 'that was 
used to obtain by electrolytic reduction.
Instead, an insoluble green substance was formed. This 
was digested with the acid several times (occasionally 
with addition of ethanol) but did not give the required 
product. Therefore, a vanadium (II) iodide complex, 
namely Vl^.SMeOH, was synthesized by an alternative 
route. Treatment of either V C ^ ^ E t O H  or VCl 2 *2 EtOH 
with the correct proportion of KI in methanol
- 19 -
quantitatively precipitated KC1 and V^.SMeOH was 
crystallized from the filtrate.
1. Dichlorobis(ethanol)vanadium(II)
This compound was synthesized several times by 
dissolving VC^. 2 1 ^ 0  in a mixture of equal parts of 
ethanol and triethylorthoformate and allowing the blue 
solution-to stand for half an hour. The solvent was 
then removed at 50-60°C under vacuum to leave a pale 
green powdery substance containing ethyl formate. The 
latter was extracted into ether, in which the vanadium 
salt is insoluble, and removed by decantation. The 
VCl 2 ,2 EtOH was then suspended in ether, filtered off,, 
washed with ether and dried by continuous pumping for 
one-hour. The pale green solid was highly sensitive 
to air whereupon it turned brown.
Calculated for VC^H-^C^C^ : 23.8 ; C, 22.5 ; H, 5.7
Found : V, 25.0 ; C, 19.1 ; H, 5.5%.
2. Dichlorotetrakis(ethanol )vanadium ( II)
The chloride VCI 2 .2 H 2 O (6.4g. ) was treated with a 
mixture of equal parts of ethanol and triethylortho- 
formate (60cm ). A turquoise solution resulted which 
was allowed to stand for several hours. The solvent 
was removed under vacuum at room temperature leaving a 
blue-green solid. This was decanted twice to extract
- 20 -
ethyl formate, then filtered off and washed with ether.
The blue solid, which contained small amounts of a green
material, was dried under vacuum and then treated on the
3filter with ethanol (20cm ) in small portions. Half the 
solid dissolved to give a blue solution. The large deep 
blue crystals on vacuum-drying for approximately half an 
hour disintegrated,and traces of a green material, 
probably VCl 2 .2EtOH, were seen in the product .
Calculated for VC 8 H2 4 04 C12  : V, 16.6 ; C, 31.4 ; H, 7.9%.
Found : V, 17.2 ; C, 28.5 ; H, 7.5% .
The analytical figures suggest that some loss of 
ethanol had occurred, but magnetic and reflectance data 
showed that oxidation was not the cause of the peculiar 
analyses and magnetic data alone indicated that the amount 
of VCl^EtOH present was negligible.
An attempt was made to remove the green compound by
3
recrystallization from a few cm of ethanol to which ether 
was added. Very large plate-like crystals formed which 
were broken up before filtration, but after drying, some 
green material was obtained as above.
3. Hexakis(ethano 1) Vanadium(IT) bromide
The bromide VB.r2 .6H20 (6.1 g.) when dissolved in a mixture
3 3of ethanol (40 cm ) and triethylorthoformate (80 cm ) gave
a clear turquoise solution. This was kept in a
refrigerator for several days. No crystals appeared so the
- 21 -
solution was concentrated to one third of its original 
bulk. A fluffy lilac solid precipitated. This was 
filtered off, washed with a mixture of equal parts of 
ethanol and ether and vacuum dried for one hour.
Found : V, 11.2 ; C, 27.5 ; H, 7.2%.
If the solid was vacuum dried for four hours it turned 
blue-grey with the apparent loss of three ethanol molecules.
Found : V, 14.8 ; C, 20.7 ; H, 5.2%..
Both compounds undergo almost instantaneous oxidation 
to an initially pale brown solid. The corresponding 
hydrated salts are hygroscopic, rapidly forming brown 
viscous oils on exposure to air.
4. Hexakis(methanol)vanadium (II) jpa±&q
A methanolic solution of either VCl 2 *4 EtOH or 
VCl 2 «2 EtOH was reacted with the stoichiometric quantity 
of potassium iodide similarly dissolved in methanol. A 
red-violet solution appeared and potassium chloride was 
precipitated and filtered off. The filtrate was evapor­
ated to dryness to give a fluffy red-violet solid. This 
was suspended in ether, filtered off, washed thoroughly
with ether and vacuum dried for one hour. The previously
8known compound quickly turned brown on exposure to air.
V, 11.6 ; C, 27.2 ; H, 6.9%.
V, 10.6 ; C, 29.6 ; H, 7.5%c
Calculated for : V, 14.6 ; C, 21.1 ; H, 5.8%
- 22 -
Calculated for. Vy-HO7,0cI6n2'4w6-2 V, 10.3 ; C, 14.5 ? H, 4
Found : V,. 10.0 ; C, 13.3 ? H, 4.6%.
Discussion of Results 
Magnetism
The Russell-Saunders coupling scheme gives rise to
4 ■ ■ 4
a quartet F free-ion ground term and an excited . P term
3
for 3d systems. In a regular octahedral (o^)ligand field
4 4  4
the F ground term splits into three components ^2g' T2g
4 4
and Because the ^ g  term is orbitally non-degen­
erate it has no first order orbital contribution to the 
magnetic moment and the spin-only formula is expected to 
apply
However, a small but finite amount of orbital angular
ligand field is able to quench orbital angular momentum it
has no effect on spin angular momentum. Therefore, a
correction factor, namely 1  - 4A,is required to allow for
lODq
this effect, where X = the spin-orbit coupling constant 
-1 2 +■(+,57. cm for V ) and lODq is the separation between 
the ground term and the term being mixed into it. Since 
the parameter X takes positive values for less than half 
filled shells the moments, for octahedral vanadium (II) 
complexes will be slightly reduced below the spin-only 
value according to the equation
ye = [4S(S+1)]^B.M. = 3.87 B.M. for S = |
4
momentum can be introduced into the A£g. ground term from 
4the triplet T 2 ^ term via spin-orbit coupling. Although a
Similarly, the experimental magnetic moments tend to
8exceed the spin-only value in related d systems, since 
X takes negative values for greater than half-filled 
Shells.
The magnetic results are shown in Tables 2 and 3 
and Figures 1 - 4, The magnetic data for VBr 2 .6 EtOH and 
VI 2 .6 MeOH are consistent with an octahedral array of 
alcohol ligands bound to the vanadium ion. Both compounds 
obeyed the Curie law having temperature-independent 
magnetic moments (3.80 and 3.82 B.M. respectively) only
slightly reduced from the spin-only value as expected.
8In agreement with our data, Seifert and Auel observed a 
temperature invariant magnetic moment for their sample of 
VI 2 .6 MeOH (3.89 B.M.).
The compound VCl 2 .2EtOH obeyed the Curie-Weiss law 
and has a room temperature moment (3.33 B.M.) well below 
the spin-only value, falling gradually to 2. 61 B.M. at 
liquid nitrogen temperature. This behaviour is attributed 
to antiferromagnetic exchange interactions arising from a 
polynuclear structure. This is also indicated by the 
large Weiss constant (113°) and finds further support from 
the diffuse reflectance spectral results (p.39 ) . The 
corresponding polymeric dihydrate VC 1 2 .2 H 2 0  behaved 
similarly with moments ranging from 3.17 B.M. at room 
temperature to 2.16 B.M. at liquid nitrogen temperature.
It was found that VC12 .4EtOK has a Weiss constant of 
8 °, much lower than that found for the polymeric bis- 
ethanolate. The Curie-Weiss law was obeyed, the compound
- 24 -
TABLE 2
Compound T(°K) <X
o
 
1—
1 in“ 2  “ 110 xA Ue (B,
VBr 2 .6 EtOH 295.6 6,099 1.640 3.80
262.0 6,786 1.473 3.77
230.5 7,633 1.310 r 3.75
198.3 8,991 1 . 1 1 2 3.78
166.3 10,637 0.940 3.76
. 134.9 13,162 0.760 3.77
104.0 17,093 0.585 3.77
89.8 19,906 0.582 3.78
Diamagnetic correction = -266 x 1 0 ~ 6  c .g.s. i
VI 2 •6 MeOH 29 5.5 6,173 1.620 3.82
262.6 6,763 1.478 3.77
231.8 7, 752 1.289 3.79
198.6 9,017 1.109 3 .79
166.5 10,748 0.930 3.79
135.0 13,313 0.751 3.79
104.0 17,358 0.576 3.80
90.0 20,127 0.497 3.81
Diamagnetic correction = -223 x 10  ^ e.g.s. units
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TABLE 3
Compound
■VC12- 2EtOH
T(°K) 1°6 XA ]ie (B
295.3 4,699 2.128 3.33
262.5 5,102 1.960 3.27
230.5 5,586 1.790 3.2 0
198.5 6,134 1.630 3 . 1 2
166.3 6,593 1.517 2.98
135.0 7,511 1.331 2.85
103.5 8,758 1.142 2 . 69
89.5 9,524 1.050 2.61
113°
Diamagnetic correction = -99 x 10  ^ e.g.s.
VC1 2 .4EtOH 295.7 5,715 1.749 3.68
262.5 6,419 1.557 3.67
230.5 7,197 1.389 3.64
198.0 8,512 1.174 3.67
166.0 9,808 1,019 3.61
13 4.9 12,068 0.828 3.61
104.0 15,439 0.647 3.58
89.5 17,606 0.567 3.56
= 8°
Diamagnetic correction = -177 x .lo""^  c.g.£
units.
. units.
- 26 -
(*wa) rt
o o
»
ro
O
eg
O
i— I
<U
0
tn
•HPm CM
00 00
V x ox X- z -
10
0 
20
0 
30
0
F
i
g
u
r
e
- 27 -
Cws) ft
CN
o o  • .
ro
O
CN
O
r - i
COCN
»
c— I o o
0 1
I- z- L
10
0 
20
0 
30
0
- 28 -
(%w* a) rt
o
rt
o
co
O
CM
Oft
r-i
cn
0)
U3
tn
•H
COVO
10
0 
20
0 
30
0
F
i
g
u
r
e
- 29 -
Cra) Ti
o o
»
m
O
»
CN
o 
1— 1
CMi— 1
CO
CN o O
VX 0 1  
T- Z -
10
0 
1 
20
0 
30
0
- 30 -
having room and liquid nitrogen moments of 3.68 and 3.56 B.M. 
respectively, not too far removed from the spin-only value.
Reflectance Spectra.
Three spin-allowed, d-d bands are expected in the 
electronic spectra of magnetically-dilute octahedral 
vanadium (II) compounds, corresponding to the transitions
S g — *  S g (V  ' S g - * '  S g  ( F )  ( V 2 >  a n d  S g - »  S g
(PHv^). These absorptions are normally located in the 
visible to near infra-red region of the electromagnetic 
spectrum.
18—21Several authors have shown the electronic spectrum
of vanadium (II) hexahydrates to consist of two symmetrical
bands centred approximately at 12.0 and 17.5 kK , assigned
to the transitions v-^  and \ > 2  respectively, and a broad
shoulder at about 30.0kK assigned to . In the spectra 
3 8of d and d complexes the ligand field parameter lODq is
equal to the band energy of v-^ . In 0^ symmetry as the
value of.lODq increases the.effect of configuration inter-
4 4action between the T ^  (F) and T-^ g (P) states is to lower
gradually the ratio from the theoretical value of
27
1.8 to about 1.5 to 1.7 . When ligands of different
crystal field strength are coordinated to a metal they
generate a lower symmetry field e.g. cause tetragonal
distortion (0^— as shown in Figure 5 . In tetra-
4
gonal symmetry the ground state becomes a B-^ g term and 
4 n 4the excited T 2 g ar*d levels are split into two
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components and + r e s P e c t i v e l y .
Normally, splitting of the former is greater than that 
of the latter, for which splittings can be poorly re­
solved since band widths are often 1 . 0  kK or more.
The diffuse reflectance spectra of the vanadium (II) 
alcoholates are reproduced in Figures 6  and 7. The energies 
of the bands, their assignments and electron repulsion 
parameters are listed in Tables 4 and 5* Because v-^ , \ > 2  
and were well defined in the spectrum of V^.SMeOH, 
the Racah parameter was deduced from the relationship
prominent shoulder at 28.4 kK. At liquid nitrogen 
temperatures the band energies move slightly to higher 
wavehumber: as- expected for spin-allowed, transitions. The B
v 3  agree reasonably (28,1 and 28.4 kK respectively) so
4 4
4
6 Dq-E 4Dq
0
4 4Dq 15B-E
For Vl 2 -6 MeOH the and V 2  bands occur at 12.0 and
3 817.7 kK, and, as observed in hexahydrates of d and d 
2  8systems, the band has slightly greater intensity
than w
value of 67,3 cm ^ is smaller than the free-ion value of 
- 1766 cm , and the calculated and experimental values of
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Figure 6
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Figure 7
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the spectrum is consistent with an octahedral microsymmetry 
2 +about the V ion.
The band of VBr 2 •6 EtOH was less clearly resolved 
than that of the iodide and therefore the values of b ' and 
V2  were calculated from the secular determinant using the 
values of v 2  and v-^ . The value of 26.5 kK calculated for 
agrees well with that of 27.0 kK found experimentally.
The parameters for the spectrum of an ethanolic solution 
of VBr 2 .6 EtOH were similarly deduced. It is interesting 
that the band due to at 12.0 kK has a marginally greater 
intensity than that found at 16.9 kK assigned to v 2  but 
the reverse is true in solution. The lODq value for solid 
VBr 2 .6 EtOH is greater than that recorded in ethanol (solution
spectrum shown in Figure 8 ) whereas the lODq value for solid
19VBr 2 .6 H 2 0  is almost the same when recorded in water.
Evidence of considerable distortion is present in the 
spectrum of VCl 2 .4EtOH. The band appears to be split
into two components at 12.4 and 9.8 kK. These are assigned
4 4 4 4  a
to the transitions Bn ^ ---->  B~ and B, >■ E respect-lg 2 g Ig g . '
ively. The v 2  band also seems to be split. This trend
parallels that for VC1 2 .4H20 where and v 2  each splits
into the expected two components whereas for other tetra-
hydrates, VBr 2 .4H20 and VI 2 -4H2 0, only a single medium
component appears probably consisting of overlapping low
18b
symmetry components of and For
B^value V7as calculated from the expression 15B^ = v2 + v3 ~ 
3v-^ . The fact that B^was larger than the free-ion value
- 38 -
CO
<u
up
tn
•H
C>4
K
O
-P
w
CD
•
CM
P
PQ
>
m
o
-p
o
0)
p«-co
Pio
•H
-P
PH
O
CO
CO
r- in
oI—I
LO 
I—I
o
CM
to
CM
*CTO
v 
(k
K)
- 39 -
reflects the uncertainty in establishing the position of 
and ^2 both of which have been appreciably split 
through distortion so that the expression is no longer 
applicable.
In the dihydrates^k of vanadium (II) the presence of
g  b
strong axial fields establishes the order B 0  •< E„ <E <A 9g^ g g y^
and interaction between the E levels now tends to reduce
y
the band splitting. This is concordant with the room 
temperature spectrum of VCl^^EtOH. Here/ the band has 
been slightly split but v2 seems reasonably symmetrical.
The low temperature spectrum indicates that some splitting 
of the \ > 2 band has occurred. For this complex, the 
value of 566 cm calculated from the secular determinant, 
suggests that at room temperature, distortion from 0 ^ 
symmetry is much smaller than in VCl^.^EtOH.
From electronic spectral evidence the proposed 
structures for the vanadium(II) alcoholates are shown in 
Figure 9.
Solution spectra of V B ^ ^ H ^ O  in ethanol and 
triethylorthoformate.
Experimental
In order to ensure that oxidation by triethylortho­
formate did not occur an experiment was conducted in
which the effect of small quantities of triethylortho-
3
formate added to ethanolic V B ^ ^ I ^ O  (0.57 g., 10 cm ) , 
prepared as in Chapter VIII, was followed spectrophoto- 
metrically. Absolute ethanol and triethylorthoformate were
- 40 -
Figure 9
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purified by standard methods . ^ 0  An initial portion of
3 3
5 cm (and then successive portions of 2.5 cm ) of the
ester was frozen to prevent loss by evaporation, the
vessel evacuated, nitrogen admitted, the ester thawed,
and then added to ethanolic VBr 2 *6 H 2 0 . A spectrum of
a portion of the resulting solution was taken and this
portion was returned to the bulk of solution. The pro­
s'cedure was repeated until 2 0  cm of ester had been
3
added. Theoretically, only Ca. 1.6 cm of triethyl­
orthoformate was required to dehydrate the V B ^ ^ I ^ O .
Discussion of Results
Dissolved in ethanol under nitrogen, V B ^ ^ H ^ O  
appears stable indefinitely as the bands at 11.55, 17.4 
and 27.9 kK (Table 5, Figure 10, spectrum number 1) 
did not change appreciably with time. But the first 
addition of triethylorthoformate caused a shift to 
lower wavenumber of the first two bands to 16.9 and
11.2 kK and the band at 27.9 kK could no longer be 
detected. The solution had turned from violet to 
turquoise. Thereafter, further addition of the ester 
reduced the apparent band' intensities somewhat(although 
not their frequencies) , the diminution of v-^  being more 
marked. The colour gradually lightened on dilution, but 
correction for dilution showed that the extinction 
coefficients became slightly larger (Table 6 ). The final 
solution obtained by reaction with triethylorthoformate 
showed bands at 16.9, 12.4 (sh) and ll.OkK, very close to the
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values for V B ^ .6 EtOH dissolved in ethanol, viz., 17. 0,
12.2(sh) and 11.2 kK. Therefore the removal of water by
the ester takes place readily.
In solution, vanadium(III) coordinated to
oxygen donor ligands such as C 2 H 5 OH and two chloride ions
absorbsat about 22.0kK (e ~ 13.6) and 15.0kK (e ~ 11.0)
with a poorly resolved shoulder at 13.4 kK (e ~ 7. 6 ) on
22the side of the main band. There is no evidence to
suggest the appearance of bands at 22.0 and 15.0 kK in
our spectra. Estimates for the lODq value of the as yet
unprepared ion [y (C2 H 5 °H)^P+ from the Law of Average 
31
Environment indicate that a strong absorption should 
occur at 17.5 kK. Such a band is also absent in our 
spectra.
Deliberate superficial oxidation of the pale blue- 
green solution gave a brown-green colour. Its spectrum 
was recorded after fifteen minutes (Figure 11 ) showing a 
rapid fading of the band in the 17.0kK region and the 
emergence of a band near 16.0 kK. The solution turned 
yellow fairly quickly and after sixteen hours the spectrum 
was recorded again. An intense broad band at 14.2 kK was 
observed. It is in this region that vanadyl(IV) species 
absorb, but the yellow colour of the solution suggested 
that vanadate ions were present. Table 6  shows the 
change in extinction coefficients of both and V 2  with 
increasing concentration of ester. They are only approx­
imate because accurate addition of small amounts of the 
ester to the air-sensitive solution was difficult.
O.
D
- 45 -
Figure 11
Oxidation of V B ^  . 6 EtOH
(solution(8 ))
5.0- - 15 mins. exposure to air 
. 16 hours exposure to air
4.0 -
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2 .0 -
1.0
101520
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However, when unpurified 2,2-dimethoxypropane or triethyl- 
orthoformate were used, the band for V B ^ . S ^ O  was 
found to decline rapidly with a twenty-fold excess of the 
dehydrating agent, remaining as a shoulder on a band near 
17.0 kK.
It is concluded that the formation of VB^.SEtOH 
takes place readily by treating ethanolic V B ^ . S ^ O  with 
triethylorthoformate. The diminution of the band in 
this procedure does not appear to be associated with 
oxidation as bands due to vanadium(III) are not seen.
When acetone was added to ethanolic VB^.GEtOH a 
deep red-brown solution like that of oxidised vanadium(II) 
salts was formed. The colour 'persisted indefinitely.
When the solution was taken to dryness a lilac-blue pre­
cipitate remained with a trace of a brown liquid and a 
green solid. Re-dissolved in ethanol, the lilac-blue 
solution gave a spectrum with bands at 25.0 kK, 17.3kK 
(e ~ 6 ) and 11.4 kK (e - 4) ,i.e., a typical vanadium(II) 
spectrum.
X-Ray powder Patterns
Values of the d-spacings for the vanadium(II) 
alcoholates are given in Table 7 . A satisfactory X-ray 
powder pattern was unobtainable for VCl 2 -2EtOH. Though 
isomorphic relationships were not to be expected for 
these compounds, their d-spacings were recorded for the 
purpose of future reference.
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Other Preparative Studies
Attempts to substitute the ethanol molecules in 
VBr 2 -6 EtOH with either triphenylphOsphine or 
1 ,2 -bis(diphenylphosphine) ethane were unsuccessful 
even though the reactants were refluxed in ethanol.
It may be better to change to a solvent with a weaker 
donor strength such as acetone.
CHAPTER II
VANADIUM (I I) HETEROCYCLIC AMINE 
COMPOUNDS
Introduction
The discussion describes the chemical and structural 
aspects of imidazole and related ligands and their 
complexes with transition metals of the first row.
H
pz
fj— n n— n
1 j  a
iz
N-
N CH-j 
H 3
2 -miz
H
biz IQ
Imidazole resembles pyridine in that it is planar,
32 33
stable, and undergoes aromatic substitution. '
Pyrazole and imidazole and their substituted derivatives 
are amphoteric substances possessing characteristics of 
both pyridine and pyrrole. They are moderately strong . 
bases (Table 8  ) capable of proton acceptance at the 
•pyridine* nitrogen ^ N :  , as well as weak acids since 
proton abstraction from the pyrrole nitrogen ^NH can
occur. Their acidic features are illustrated by a). 
dissolution in liquid ammonia to give the conjugate base
(e.g. iz ) whereupon treatment with metals or metal amides
results in salt formation, and b) an ability to react with
32 3 3
Grignard reagents and form N- magnesium halides. ■ '
aTABLE 8
Ligand
pz
iz
2 -miz
biz
py
pKa (~298°K)
2.47 
7.11 
7.86
5.48 
5.21
a compiled from references 32 and 33.
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Imidazole is nearly eighty times more basic than
pyridine but has weaker Tr-acceptor properties.
Consequently, hexakis-coordination is easy for imidazole
(whereas pyridine prefers to form tetrakis-complexes)
because charge dispersal from the metal atom to the
imidazole ring is smaller so that approaching anions are
repelled by the more negatively charged metal atom. Also,
34 o
the angle at the’pyridine’nitrogen in imidazole (108 ) 
is less than in pyridine itself (116°5cf)^, so that sterfc 
hindrance towards complexation should be slightly smaller 
with the former. Many bis- and tetrakis- complexes, how­
ever are obtained both with imidazole and pyridine ligands.
The presence of electron releasing substituents on 
carbon atoms adjacent to the ’pyridine.1, nitrogen^as in 2 -methyl—
imidazole, simultaneously increasesthe basicity and steric
36congestion of the molecule. Fusion of a benzene ring at
the 4-and 5-positions on imidazole gives benzimidazole.
This base is bulkier than its parent, imidazole, and is
additionally stabilized by an increased number of resonance 
32
forms. Not surprisingly, a survey of the chemical
literature shows that only bis- and tetrakis-(benzImidazole)
compounds can be isolated. Similarly, the maximum number
of isoquinoline molecules to coordinate per metal atom is
37
four, although it too forms bis-ligand complexes.
Retention of the aromaticity of imidazole-type rings 
requires that complexation takes place exclusively through 
the unshared pair of electrons on the ’pyridine’ nitrogen.
-52 -
Such bonding has been verified crystallographically.
At the start of the present investigations the
r -i 14complexes |_V (±z) CX 2  and V C p z ^ C ^  were reported.
15Very recently, Mani synthesized these and related
compounds (Table 9 ) which overlap with part of the
present work.
Transition metal complexes containing imidazole
or pyridine ligands are well known. Imidazole compounds,
their syntheses, properties and biological connotations
3 3
have been reviewed by Sundberg and Martin. Compounds
of stoichiometry [M(iz)^]X2 / where M = Mn, Fe, Co, Ni and
Zn, and X = Cl, Br, I, Nq^, Cl ° 4  and BF^ have been
ascribed pseudo-octahedral structures from magnetic and
36 38 39electronic spectral evidence. ' ' Estimates of 10 Dq
from these spectra place imidazole above oxygen, but below
pyridine in the spectrochemical series. Several polymeric
octahedral manganese (II) complexes of the type M n t i z ^ ^ /
where X = Cl, Br, I and SCN were formed. Also isolated
were tetrakis-(imidazole) complexes. Those of divalent
copper were distorted from octahedral symmetry. The
chloride, NiCizJ^C^ was also distorted but Ni(iz)^Br 2
38and Ni(iz)^l 2  were diamagnetic square planar species.
38Goodgame et al, have empirically interpreted the far
infra-red spectra of complexes of the type|m( 1 z)^ 2
several of their band assignments were shown to be
40erroneous by Adams and Trumble who quantitatively 
explained the single crystal spectrum of [Co (iz) J  (.NO^ ) ^  
using infra-red arid Raman spectroscopy. Cornilsen and
- 53 - 
TABLE 9
Magnetic, Spectral and Infra-Red Data of some Vanadium(II)
Heterocycles a
Compound
V(pz^) Cl 2  
V(pz) 4 Br 2  
[V(pz)6 ]l 2  
[V(iz)6 ]Cl2  
[v(iz) 6 ]Br2  
[V(iz)6 ]l 2  
[v (Nmiz) g] 1 2
a Reference 15 
b Reference 14
li (B.M.)-' Reflectance Bands N-H Stretching
Frequencies (cm - 1(-295 K) V (kK)
3.84 , 3.66 12.Osh , 16.2 , 20.0sh 3340, 3300
3.86 , 3.77b 10.5 , 15.4 , 20.2 3280
3.91 16.0 , 22.6 sh 3280
3.82 16.0 , 22.2sh 3280, 3140
3.86 16.1,22.8 3270, 3175
3.87 15.8 , 22.2sh 3270, 3200
3.86 16.1 , 22.0
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41Nakamoto assigned the far infra-red spectra of some 
octahedral, distorted octahedral and pseudo-tetrahedral
imidazole complexes from metal isotope shifts. Thermal
42 r n
decomposition of [Ni(iz)gjX2  sY stems/ where X = Cl or
Br, showed that imidazole was removed at 140°C,
(tetrakis-complexes were not isolated), and by 300°C
Ni(iz) 2 X 2  remained. Further heating to 470°C resulted in
complete loss of the base. The iodide, Ni(iz)^ 2  can
similarly obtained, but above 300°C iodine is evolved.
A parallel trend was observed for the [co(iz)g]X2  species.
A few X-ray analyses have shown that the cations in
_ _ 43 "44
the complexes [M(iz) 5 ] (NO3 ) where M' = Ni, Co, and
. 4 5
Cu have distorted octahedral structures, with the trans­
imidazoles coplanar and the nitrate ions bridging the 
complexed cations through N-H .0 hydrogen bonds.
Magnetic and spectral data for complexes of
36
stoichiometry M(iz)^X 2  where M = Mn, Cu and Ni indicate
significant tetragonal distortion. Crystal structure
46 47
elucidation of Cu(iz ) ^ 2  and C u ( i z ) h a s  been under­
taken. The iodide consists of a square planar environment
about the copper atom, with two somewhat distant iodide 
o o
ions (3.42A and 3.87A) completing a distorted octahedron.
o’
The Cu-N distances are in the range 1.9 8  to 2.04A. The 
orientation of the imidazole rings to the CuN^ plane 
facilitates maximum Tr-bonding and minimizes steric
repulsions. Bond distances in Cu(iz)^S0^ are 2.000 and
o o
2.002A (Cu-N), and 2.574A (Cu-0). It was suggested that
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the "short atomic contacts between sulphate oxygens and 
imidazole nitrogens correspond to reasonable hydrogen 
bond lengths".
48
Tabatabai synthesized air-sensitive chromium (II)
complexes, Cr(iz)^X 2 , where X = Cl, Br and I,and found
them to be isomorphous with the copper(II) analogues.
49Mani and Scapacci also isolated a number of chromium(II)
compounds with imidazole, pyrazole and N-methylimidazole.
Bis- and tetrakis-^-methylimidazole) compounds are /
39
known. Those of stoichiometry C o ^ m i z ^ ^ ,  where X = Cl,
Br and I, N i ^ m i z ^ ^ /  where X = Br and I, and C u ^ m i z ^ ^ *
where X = Cl, or Br, have tetrahedral structures, whereas
Ni(2miz)£ (SCN) 2  is an octahedral polymer. The tetrakis-
derivatives are as yet only known for divalent copper, i.e.,
Cu( 2 miz)^X 2 r where X = Cl and NO^/ for which magnetic
susceptibility and electronic and infra-red spectra indicate
39
trans-dihalogen distorted octahedral stereochemistry.
50
Since 1877 investigations have been directed towards
metal-imidazole systems. However, the complex chemistry
with isomeric pyrazole has been neglected until the last 
51decade.
The maximum number of rpyrazoles that coordinate to 
52 5 Gcopper(II). is four. In contrast, divalent nickel
gives [Ni(pz)g]X2 f where X = Cl and Br, and Ni(pz)^X 2 /
52where X = NO^, C 1 0  ^ and BF^. Also, when X is a halide
ion tetrakis- and hexakis- compounds are formed with
52divalent Co and Fe. Hence, the coordinating ability of
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the anion helps to decide the structure for nickel(II)
pyrazole compounds. X-ray structural analysis has
r ' 5 7
established the structures of [Ni(pz)gJ (NO^^'
58 5 9
Ni(pz)^Cl 2  and Ni(pz)^Br 2 * The last two complexes
possess similar trans-structures with the pyrazole rings
rotated out of the NiN^ plane and virtually parallel to
the Ni-halogen bond. Hydrogen bonding between the /NH
protons and the halide ions stabilize the structure. The
shorter nickel-halogen bonds in the related complexes
Ni(py)^Cl2  ^  and Ni(py)^Br2  ^  reflect the absence of
hydrogen bonding in these complexes.
o
Compound Interatomic Distance(A)
Ni-Cl(X) Ni-Br(X)
Ni(pz) 4 X 2  2.51 2.68
Ni(py) 4 X 2  2.38 2.58
Also, in the pyridine complexes, mutual repulsion 
between the rings and the halide ions causes the hetero­
cycle to be inclined at some 45° to the nickel-halogen 
bond.
Goodgame et a l # characterized Co, Ni, Cu and Zn
di-halogenobis(benzimidazole or 2 -methylbenzimidazole)
62 63complexes. Melson and Nuttall have studied the far
infra-red spectra of CuCbizJ^C^/ Cu(biz) 4 Br 2  and related
complexes.
Tet2rakis(benzimidazole) 'species are confined to 
copper(II) ^  and nickel (II) . From magnetic and
- 57 -
reflectance spectral data, the complexes Cu(biz)^X2 , 
where X = Cl, Br, NO^/ CIO^, NCS and hSOA were shown to 
possess tetragonally-distorted structures, especially 
the chloride, bromide and nitrate. A variety of different
I or ClO^, the isolation of which is often critically
dependent on the synthetic procedure, have been obtained.
Three isomers were obtained for the bromide, and two for
the chloride. Acetone solvates, Ni(biz)^Cl^-S i
Ni (biz) ^ Cl^ £ > 2 ; and Ni(biz)^Br^S 2 ,where'S = acetone,
were also obtained. The complexes were studied over the
temperature range 300 to 80°K '(77° to 4°K for Ni(biz)^Cl2).
Many of them exhibited temperature dependent magnetic
moments but some, such as Ni(biz)^I2, were diamagnetic.
A crystal structure determination on the green form
of Ni(biz)^Cl2  showed an essentially linear dimeric unit,
with one ionic chloride ion and two uncoordinated acetone
6 6molecules per dimer:
terminal bond being 2.425A, whereas the bridging Ni-Cl
coloured compounds of the type Ni(biz)^X2 , where X = Cl, Br
L LL
\
Cl- Ni Cl Ni Cl
\
L
L = biz
The two nickel-chlorine distances differ, the Ni-Cl
o
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O
distance is 2.941A.
The complexes Ni (biz) 2 ^ 2 ' w l^ere X = Cl, Br and I were
i , n. 65balso studied.
The only tetrakis(isoguinoline) complexes of the
first row are with divalent nickel, the far infra-red
38spectra of which have been investigated. Isoguinoline 
is essentially a substituted pyridine and as mentioned . 
earlier (p.14 ) the chemistry of vanadium(II) with some 
such ligands has been studied.
Experimental
The vanadium(II) complexes were generally obtained 
from ethanol or diethyl ether/absolute ethanol mixtures. 
Complexes of the type [v(iz)6 ]x2, where X = Cl, Br and I, 
were precipitated from solutions containing a ligand-to- 
metal ratio of 6:1. The reaction of pyrazole with 
VBr 2 .6 H 2 0  and VC1 2 .4H20 gave tetrakis(pyrazole) complexes 
even when ligand-to-metal ratios exceeded 6:1. Attempts to 
prepare the iodide V(pz)^I 2  were not successful, instead 
[V(pz)g]l2  was obtained. Treatment of vanadium (II) 
hydrated salts with 2 -methylimidazole (1 : 6  molar ratio) 
produced the hexakis-substituted species, except in the 
case of chloride where V(2miz)^Cl 2  was isolated. The 
compounds V(IQ)^X2, where X = Cl, Br and I were isolated 
from solutions containing either 4:1 or 6:1 ligand-to — 
metal ratios. Some reactions were carried out wherein 
vanadium(II) halides were treated with benzimidazole
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(1:4 molar ratios). From VB^.SI^O and Vl 2 *6 MeOH yellow- 
green crystalline products were obtained that analysed 
reasonably well for V(biz) • 2EtOH and V(biz) * 2EtOH 
respectively. Each showed evidence of ethanol in its 
infra-red spectrum. Similar reactions using V C ^ ^ I ^ O  
gave products with poor analyses for the formulation 
V(biz) 4 CI 2 .2EtOH although they too showed ethanol to be 
present from their infra-red spectra. Attempts to form 
hexakis(benzimidazole)vanadium(II) bromide gave mixtures 
of V(biz) 4 Br 2 .2EtOH and benzimidazole.
All the compounds were far more air-sensitive in 
solution than in the solid state.
1. Dichlorotetrakis(pyrazole)vanadium(II)
3
A solution of pyrazole in ethanol (2.3 g. , 30 cm )
was added to a solution of VC^* 21^0 in ethanol (1.3 g.,
330 cm ) . A lilac-red solution formed from which a blue- 
green solid soon separated. The mixture was allowed to 
stand overnight in an ice-bath. The precipitate was 
filtered off, washed with ethanol, and dried in vacuo 
for six hours. The dry blue-green solid turned violet 
on exposure to air.
Calculated for V^ 2 H16^8C^2: V ' -^.9; 0, 36.5; H, 4.1;
N, 28.4%.
Found: V, 12.7; C, 36.2; H, 4.2; N, 27.9%.
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2 • Dibromdtetrakis (pyrazole) vanadium (II)
3
An ethanolic solution of pyrazole (1.7 g. , 15 cm ) 
was added to an, ethanolic solution of VBr 2 .6 H 2 0  (2.4 g.,
3
15 cm ) . After a few minutes a blue-green precipitate 
separated from a brown solution. It was filtered off, 
washed with small portions of ethanol and vacuum dried 
for seven hours. On exposure to air the dry solid 
slowly turned violet.
Calculated for VC 1 2 H 1 6 NgBr2: V, 10.5; C, 29.8; H, 3.3;
N. 23.2%.
Found. V, 10.2; C, 29.6; H, 3.4; N, 22.9%.
3. Hexakis(pyrazole)vanadium(II) iodIde
An attempt to prepare a tetrakis-compound failed
when a solution of pyrazole in ethanol was added to an
ethanolic solution of VI 2 .6 MeOH. The ratio of pyrazole
to vanadium used was 4:1.
An ethanolic solution of VI2 . 6Me0H (2.8 g. , 30 cm^)
was treated with an ethanolic solution of pyrazole (1.5 g.,
310 cm ) . A dirty brown solution resulted which was
evaporated to near dryness. A grey-green precipitate
formed. It was suspended in ether, filtered off, washed
with ether and vacuum dried for two hours. Analysis and
an infra-red spectrum showed the compound to be contaminated
with ethanol. Next/ the compound was treated with two moles
of pyrazole in a mixture of equal parts of ethanol and 
3
ether (25 cm ) . The green solid that formed was immediately
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filtered off, washed with ether and dried in vacuo for 
three hours.
Calculated'for VC 1 8 H 2 4 N 1 2 I2: V, 7.1; C, 30.3; H, 3.4;
N, 23.6%.•
Found: V, 6.9; C, 30.7; H, 3.6; N, 22.1%.
4. Hexakis(imidazole)vanadium(II) chloride
3A solution of imidazole in ethanol (2.8 g., 10 cm ) 
was added to a solution of VC 1 2 .2 H 2 0  in ethanol (1 . 1  g. ,
3
30 cm ) . A lilac-red solution formed initially, but on 
shaking, turned yellow-brown. On evaporation to half 
bulk fine green crystals were deposited. The solid was 
filtered off, washed with ethanol, and vacuum dried for 
four hours. The dry compound was pale green and slowly 
turned brown on exposure to air.
Calculated for VC^gH 2 4 N^ 2 Cl2: 9.6; C, 40.8; H, 4.6;.
N, 31.7%.
Found: V, 9.3; C, 40.5; H, 4.6; N, 31.5%.
5. Hexakis(imidazole)vanadium(II) bromide
3
The bromide VBr 2 .6H20 (1.8 g., 20 cm ) and imidazole
3
(2.3 g. , 15 cm ) were separately dissolved in ethanol. A 
green solution formed as the ethanolic ligand solution 
was slowly added to the vanadium(II) bromide solution. 
Discrete, light green crystals formed when this solution 
was evaporated to one third of its original volume. The 
solid was filtered off, washed with ethanol, then ether
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and dried in vacuo for four hours. Once dry, the pale 
green solid was not very air-sensitive. It turned brown 
after two or three days.
Calculated.for VC 1 8 H 2 4 N 1 2 Br2 : V, 8.2; C, 34.9; H, 3.9;
N, 27.1%.
Found: V, 8.3; C, 35.1; H, 3.9; N, 26.5%.
6 . Hexakis(imidazole)vanadium(II) iodide
This green microcrystalline compound was prepared
3
by mixing ethanolic solutions of imidazole (2 . 6  g. , 2 0  cm )
3
and VI 2 -6 MeOH (3.2 g. , 20 cm ). The resulting green
3
solution was evaporated to small bulk and ether (25cm ) 
added, affording a green crystalline solid. The complex 
was filtered off, washed with ether and vacuum dried for 
one hour. In ethanolic solution the solid is extremely 
air-sensitive,more so than the analogous chloride and 
bromide. On exposure to the air it slowly turned red- 
violet then brown.
Calculated for vcpsH24N12I2 : C ' 30.3; H, 3.4;
N, 23.6%.
Found: V, 6.9; C, 30.1; H, 3.4; N, 23.7%.
7. ‘ Dichlorotetrakis(2-methylimidazole)vanadium(II)
The chloride VC1 2 .2H20 (2.0g.) was dissolved in
3
ethanol (25 cm ) and 2-methylimidazole (6.1 g.) in ethanol
3
(50cm ) added. The resulting deep mauve solution was 
evaporated to about 25% of its original volume and the
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concentrate allowed to stand at room temperature overnight. 
A pink microcrystalline solid separated. This was filtered 
off and washed with chilled ethanol. The complex was dried 
in vacuo for three hours. In air the solid slowly turned 
brown.
Calculated for yC 1 6 H 2 4 N 8 Cl2 : V, 11.3 ; C, 42.7; H, 5.4
N, 24.9%.
Found: V, 11.0; C, 42.4; H, 5.9; N, 24.1%.
8 . Hexakis (2-methyl imidazole) vanadium (II) * 'bromide
A solution of 2-methylimidazole in ethanol (5.1 g. ,
2 0  cm ) was added to a solution of in ethanol
■ 3C3. 4 g. , 20 cm ) . A purple solution resulted. It was 
evaporated somewhat and set aside for several hours 
during which time a pink precipitate appeared. The solid 
was filtered off, washed with chilled ethanol and vacuum 
dried for four hours. On prolonged exposure to air the 
pink solid became distinctly brown.
Calculated for 1 V ' 41*°? H, 5.2;
N, 24.0%.
Found: V, 7.3; C, 40.4; H, 5.2; N, 23.3%.
9. Hexakis(2-methylimidazole)vanadium(II) iodide
The iodide V^-SMeOH (1.8 g. , 20 cm^) and 2-methyl-
3imidazole (1 . 8  g. , 1 0  cm ) were dissolved separately in 
ethanol. A vivid pink solution formed when the ligand 
solution was added to the vanadium(II)iodide solution, 
and this was cooled in a refrigerator overnight. The
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fluffy, lilac-coloured precipitate that separated was 
filtered off, washed with chilled ethanol and vacuum 
dried for six hours.
Calculated for VC24H36N12I2 : V ' 6*4? C ' 36*1 ' H ' 4 -6'*
N, 21.1%.
Found: V, 6.3; C, 35.6; H, 4.5; N, 19.8%.
10. Dibromotetrakis (benzimidazole) vanadium(II ).2Et0H
3
A solution of benzimidazole in ethanol (3.5 g., 20cm ) 
was added to a solution of V B ^ ^ K ^ O  in ethanol (2.3 g. ,
3
10 cm ) . A green solution formed. This was evaporated to 
near dryness. The resulting green crystalline mass was
3
suspended in a mixture of ether and ethanol (10:1 ., 30 cm ) . 
After breaking up the solid into discrete green crystals 
it was filtered off, washed with ether and dried in vacuo 
for three hours. On exposure to air the green crystals 
slowly turned brown.
Calculated for vC32H36°2N8Br2 : V ' C ' 49.6; H, 4.7;
N, 14.5%.
Found: V, 6.9; C, 49.2; H, 4.0; N, 15.7%.
11. Pi-iodotetrakis (behz imidazole) vanadium (IX). 2EtQH
3
An ethanolic solution of Vl 2 »6 MeOH (2.8 g. , 20 cm ) was
3treated with benzimidazole (2.7 g.) in ethanol (10 cm ).
3
The deep green solution was concentrated to about 5 cm .
3Ether (20 cm ) was added to facilitate crystallization. 
After thorough shaking, and cooling overnight, yellow-green
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crystals formed. They were filtered off, washed with 
ether and vacuum dried for two hours. The dry solid was 
a yellow-green colour which did not change on exposure 
to air for one hour, but turned a distinct dark green 
colour after three to four hours.
Calculated for VC 3 2 H 3 6 0 2 NgI2 :- V, 5.8; C, 44.2; H, 5.0;
N, 12.9%.
Found: V, 6.0; C, 43.3; H, 4;1; N, 13.1%.
12. Dichlorotetrakis (isoquinoline:) vanadium(II)
This royal blue complex was obtained when an ethanolic
3solution of isoquinoline (4.1 g. , 10 cm ) was added to a
3
solution of VCI 2 .2 H 2 O (1.3 g.) in ethanol (30cm ). A 
lilac-red solution formed instantly. After five minutes 
a blue microcrystalline precipitate separated out in bulk.
It was filtered off, washed with ethanol and vacuum dried 
for four hours. The dry solid was deep blue, and gradually 
turned violet on exposure to air.
Calculated for VCggH^gN^C^: V, 8.0; C, 67.7; H, 4.4;
N, 8 .8 %.
Found: V, 8.1; C, 66.4; H, 4.4; N, 8.4%
13. Dibromotetrakis(isoquinOline)vanadium(II)
3A solution of isoquinoline in ethanol (6.0 g. , 15 cm )
3
was added to a solution of in ethanol (2.9g.,30cm ).
A blood-red solution formed and such was its intensity that, 
on shaking, nothing could be seen in the reaction vessel.
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The solution was set aside for ten minutes. A dark blue 
precipitate separated. It was filtered off, washed with 
ethanol, and vacuum dried for five hours. Once dry, the 
royal blue microcrystalline solid took several hours to 
oxidize to a violet product on exposure to air.
Calculated for VC 3 6 H 2 gN4 Cl2: V, 7.0; C, 59.4; H, 3.9;
N, 7.7%.
Found: V, 6.9; C, 60.1; H, 3.9; N, 7.8%.
14. Di-iodotetrakis Cisoquinoline)vanadium(II)
3"A solution of isoquinoline in ethanol (2.1g.,5 cm )
was added to an ethanolic solution of VI2'. 6 MeOH (3 .O g. ,
. 3  ■
,20cm.). An intense orange-red solution formed instantly. 
Discrete red crystals and blue crystals emerged on 
standing for a few minutes. After concentrating to about
3
15 cm the blue crystals predominated. The mixture of 
crystals were filtered off, washed first with chilled 
ethanol (the red crystals disappeared), then ether and 
vacuum dried for three hours. The dry solid was dark 
blue. On exposure to air the compound gave a violet 
oxidation product within two minutes. Some decomposition 
of the solid, sealed in tubes, was detectable (by a violet 
tinge) after three or four weeks.
Calculated for VC 2 gH 2 gN4 I2 : V, 6.2; C, 52.6; H, 3.4;
N, 6.8%.
Found: V, 6.2; C, 52.2; H, 3.4; N, 6.7%.
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Discussion of Results 
Magneti sm
The results of magnetic susceptibility measurements 
(.90-295K) are listed in Tables 10 - 16. The plots of 
reciprocal atomic susceptibility and effective magnetic 
moments versus temperature are shown in Figures 1 2 - 1 8 .
All the compounds obeyed the Curie law over the 
temperature range investigated and had temperature- 
independent magnetic moments. As expected for magnetically- 
dilute, high-spin vanadium(II) compounds, the six-coordinated 
pyrazole, imidazole and 2 -methylimidazole complexes had 
moments somewhat lower than the spin-only value of 3.87B.M. 
The magnetic moments of the vanadium(II)— benzimidazole 
complexes and the tetrakis(isoguinoline)vanadium (II). * 
halides are reasonably close to the spin-only-value.
Re fleetanee Spectra
The results of reflectance spectral investigations 
at room temperature and liquid nitrogen temperature are 
shown in Table 17 and Figures 19 - 25. Spectral para­
meters are summarized in Table 18. Unless otherwise stated 
all B ^  values were calculated from the secular determinant 
(Chapter I, p. 32).
For vanadium(II) compounds, the intensity of \ > 2  is 
generally comparable to or greater than that of but in 
the case of the tetragonally-distorted compounds V(pz) 4 Cl 2  
and V(pz) 4 Br 2  the reverse holds true. The reflectance
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Compound 
V(pz) 4 C 1 2
TABLE 10
T(°K) 1° 6 XA
1 0  *A Ue (B.M.)
295.3 5,829 1.715 3.71
262.3 6,574 1.521 3.72
231.8 7,462 1.340 3.72
198.0 8,802 1.136 3.73
166.0 10,416 0.960 3.72
134.9 13,175 0.759 3.77
104.0 16,207 0.617 3.67
89.9 19,230 0.520 3.72
correction = -27 7 x 10  ^ c.g.s. units
V (pz) 4 Br 2 295.6 6,814 1.617 3.82
262.7 7,012 1.426 3.84
230.2 7,881 1.269 3.81
198.3 9,200 1.087 3.82
166.4 10,959 0.913 3.82
135.3 13,566 0.787 3.83
103.5 17,636 0.558 3.82
90.0 2 0 , 1 0 1 0.498 3.80
: correction = -192 x 1 0 ~ 6 e.g.s. units
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TABLE 11
Compound
[V(pz)6 )l2
rCLz) fi]ci.
T(°K) <X
KDOH 1 n - 2  - 1  
XA ye (B.M.)
295.7 6,043 1.655 3.78
262,9 6,757 1.480 3.77
231.0 7,806 1.281 3.80
198.5 9,082 1 . 1 0 1 3.80
166.6 10,834 0.9 23 3.80
135.3 13,298 0.751 3.79
103.4 17,857 0.560 3.85
89.5 20,790 0.481 3.86
correction = -286 x 1 0   ^ c. g.s. units
295.3 6,019 1.661 3.77
263.0 6,761 1.479 3.77
230.5 7,704 1.298 3.77
198.3 9,090 1 . 1 0 0 3.80
166.5 10,869 0.920 3.80
135.3 13,141 0.761 3.77
103.6 17,271 0.579 3.78
90.0 2 0 , 0 0 0 0.500 3.80
•“ 6
Diamagnetic correction = -171 x 10 c. g.s units
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TABLE 12
Compound T(°k ) 1° 6 XA
1 0
ne (B .i
[Vtiz)6 ]Br 2 295.8 5,930 1.690 3.75
263.0 6,673 1.500 3.75
260.6 7,671 1.300 3.76
198 . 6 8,944 1 . 1 1 2 3.77
166.4 10,658 0.938 3.77
136.0 13,187 0.758 3.79
103.6 17,237 0.580 3.78
89.6 20,041 0.499 3.79
Diamagnetic correction = -258 x 10~ 6 c . g . s.
[V(iz) 6] 12 295.6 6,018 1.661 3.77
262.5 6,564 1.523 3.71
230.6 7,732 1.293 3.77
198.5 8,809 1.135 3.75
166.0 10,583 0.945 3.75
136.0 13,100 0.763 3.77
103.4 17,073 0.586 3.76
89.5 22,745 0.440 3.78
— 6Diamagnetic correction -286 x 10 e.g.s. units
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TABLE 13
Compound T (°K) i o 6xA irV2  - 110 *a Ue (B.M
V( 2 miz)^Cl 2 295.8v 5,580 1.792 3.62
264.0 6,179 1.618 3.61
231.8 7 , 1 1 2 1.406 3.62
198.6 8,324 1 . 2 0 1 3.64
166.6 9,870 1.013 3.63
135.5 11,949 0.836 3.60
104.0 15,773 0.634 3.62
89.5 18,318 0.545 3.62
— 6Diamagnetic correction = -223 x 10 e.g.s. units
[V (2miz) g] Br 2  295.3 6,233 1.604 3.84
263.0 7,035 1.421 3.85
230.5 7,955 1.257 3.83
198.3 9,285 1.077 3.84
166.5 11,026 0.907 3.83
135.3 13,667 0.732 3.85
103.6 17,936 0.558 3.86
90.0 20,807 0.481 3.87
Diamagnetic correctipn = -335 x 10  ^ e.g.s. units
- 72 -
TABLE 14
Compound T (°K)
1 q 6 Xa Pe (B.M
[V(2miz)6 ]l 2 295.8 6,104 1 . 6 3 8 3.80
264.0 6,849 1.460 3.80
230.0 7,937 1.260 3.82
.198.0 9,267 1.079 3.83
166.5 10,626 0.941 3.76
135.3 13,477 0.742 3.82
104.0 17,006 0.588 3.76
87.5 20,876 0.479 3.82
Diamagnetic correction = -363 x 1 0   ^ c.g.s . units
V(biz) 4 Br 2 .2EtOH 295.6 5,669 1.763 3.66
262.9 6,300 1.587 3.65
230.5 7,383 1,354 3.69
198.3 8,387 1.192 3.65
166.3 1 0 , 1 1 0 0.989 3.66
135.5 12,473 0.801 3.68
103.4 16,146 0.619 3.65
90.0 18,548 0.539 3.65
Diamagnetic correction = -349 x . - 61 0  c.g.s . units
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TABLE 15
Compound T(°K)
V(biz) 4 I2 .2EtOH 295.3
262.3
231.5 
166.0 
134.9
104.0 
89.9
Diamagnetic correction =
V(IQ) 4 C1 2  295.6
262.7
230.5
198.3
166.5
135.0
103.5 
89.5
Diamagnetic correction =
1°6 XA
i - 2  . - 1
1 0  *A Ue (B.M.)
5,440 1,838 3.58
5,885 1.699 3.51
6,671 1.500 3.51
9,145 1.093 3.49
11,350 0.881 3.50
14,641 0.683 3.49
16,887 0.592 3.49
-377 x 1 0  c.g.s . units.
5.760 1.736 3.69
6,501 1.538 3.70
7,451 1.342 3.71
8,620 1.160 3.70
10,277 0.973 3.70
12,781 0.782 3.72
16,207 0.617 3.66
18,939 0.528 3.68
-273 x - . ^ - 61 0  c.g.s units.
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TABLE 16
Compound
V(IQ)4Br2
T(°K) 1 q 6 xa i “ 11 ° xA Ue (B.M.)
295.4 5,814 1.720 3.71
262.5 6,579 1.520 3.72
230.5 7,463 1.340 3.71
198.5 8,696 1.150 3.72
166.5 10,416 0.960 3.72
135.0 13,021 0.768 3.7,4
103.3 16,666 0.600 3.71
90.0 19,230 0.520 3.72
correction = -294 x 1 0  c.g.s. units.
v(iq)4i2 295.6 5,980 1.672 3.76
262.7 6,743 1.483 3.76
230.2 7,692 1.300 3.76
198.3 8,960 1.116 3.77
166.4 10,863 0.936 3.77
135.3 13,157 0.760 3.77
103.5 17,211 0.581 3.78
90.0 19,841 • 0.504 3.78
_ 6
Diamagnetic correction = -322 x 10 c.g.s units.
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Figure 21
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Figure 23
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Figure 24
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Figure 25
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spectrum of VtpzJ^Cl^ indicates that has been split
into two components at 15.8 kK (sh) and 11.6 kK (sh). .
4 4These are assigned to the transitions----------s** B 2 g and
4 4 a
— — 5^  Eg respectively. The absorptions at 20.2 and
16.25 kK may be due to splitting of ^ 2 * **-s possible
that in the bromide V(pz) 4 Br 2  the strong band at 15.25 kK
contains a superimposition of split components, from
4 4  a
and V 2  r the weak band at 10.45 kK being the B^g — e* Eg
component of v Overlapping of components from v-^  and
V 2  in the bromide and not in the chloride also occurred
18b
in the spectra of V B ^ ^ E ^ O  and V C ^ ^ K ^ O .  The low
j _ i
values of B< for V(pz)^Cl2  (406 cm ) and VtpzJ^B^
- 1(454 cm ) reflect the inapplicability of the secular
determinant for these compounds. The reflectance spectrum
15of. V(pz) 4 Cl 2  recorded by Mani showed an -unsplit band
at 16,2 kK and shoulders at 12.0 and 20.0 kK (Table 9)v
4 4 a
The band at 12.0 kK was assigned to the B n  Elg g
14
transition. The solution spectrum of V(pz) 4 Cl 2  in methanol 
showed two symmetrical bands at 13.5 and 19.6 kK, with no 
evidence of band splitting. It is noteworthy that in our 
solid V(pz) 4 Cl 2  sample, the mean of the two split 
components is 13.7kK, i.e., very close to 13.5 kK observed
in solution. The 10 Dq value of 13.5 kK in solution and 
the lack of band splitting are consistent with the postulate 
that stronger donor strength methanol molecules have re­
placed the chloride ions. Moreover, addition of pyrazole 
to the solution increased the 10 Dq value as pyrazole re­
placed methanol in the inner coordination sphere.
- 93 -
The complex [V(pz)g]l2  has a shoulder at 23.0 kK due to 
\>2r and a band at 16.0kK arising from and a B value 
of 722 cm \  each of which confirms the octahedral 
formulation for this complex.
The hexakis(imidazole)vanadium(II) halides have very 
similar diffuse reflectance spectra and electronic spectral 
parameters, consistent with octahedral symmetry. A 
methanolic solution of [v(iz)g]CI2  has bands at 14.7 kK 
(vx) and 21.5kK (V2 ) T h e s e  bands are at lower fre­
quency than for the solid (16.0 and 23.OkK respectively) 
which suggests that some substitution of imidazole by 
methanol occurs in solution.
The reflectance spectra of [V(2miz) and
[V (2miz) g
is.
ligands about the central vanadium(II) Ion and the B
values support this. Since the band energies are
almost identical (~13.7 kK), the halogen atoms are
uncoordinated. For V ( 2 m i z ) m e d i u m  intensity bands at
9.4 and 15.0 kK are present at room temperature. If these
are assigned to and v^ respectively the diagonal sum
rule gives a very low value of B^of 44 0 cm \  At liquid
nitrogen temperature weak bands emerged at 11.4 and 13.0 kK
which could be, but do not have the usual appearance of,
components of and \ > 2 in a tetragonally-distorted
compound. The use of the diagonal sum rule is not completely
valid for compounds with some distortion and usually
unacceptably high values of B^ are obtained for tetra-
• <
gonally-distorted compounds. For V ^ m i z J ^ C ^  B^ is
]I2  are consistent with an octahedral array of
- 94 -
unusually low. Consequently, for V( 2 miz)^Cl 2  the above 
band interpretation may be wrong, perhaps because the 
symmetry is lower than tetragonal.
Only one band is clearly discernable in the reflectance, 
spectra of the vanadium (II)*-benzimidazole complexes. This 
occurs at 14.5 kK for the bromide and 14.3 kK for the 
iodide.
Broad and intense asymmetrical bands, unlike those
found in the imidazole complexes, appear in the spectra
of tetrakis(isoquinoline)vanadium(II) halides. These
are not amenable to simple interpretation and to some
extent the bands resemble those found in vanadium(II)
9  io
compounds containing 8 -aminoquinol.ine. '
Infra-Red Spectra
The following discussion deals mainly with the far
infra-red region in which metal-nitrogen and metal-halogen
67stretching frequencies may be located. Where possible, 
comparisons have been drawn between the spectra of 
analogous vanadium(II) and nickel(II) complexes. Vanadium(II) 
has a slightly lower mass and its 10 Dq value is approximately
1.4 times greater so that v(VN) and v (VX) should lie at 
higher wavenumber in the vanadium(II) compounds.
Assuming octahedral stereochemistry for the [V(iz)g]X2  
complexes two infra-red active skeletal modes v(VN) and 
6 (NVN) should appear in their spectra. Table 19 and 
Figure 2 6  show absorption near 200cm this could be 
due to the bending mode <5 (NVN) whereas the band at about 
315 cm ^ could result from the v(VN) mode. These assign-
- 95 -
' TABLE 19
Far Infra-Red Spectra 
Compound Absorption Bands (cm 1)
V(pz) 4 C 1 2 302
a
vs, 197 s
V(pz) 4 Br 2 300 vs, 230 vw
[V(pz)6 ]l2 314 s
[V(iz)6 ]Cl2 316 S, 2 0 0  m
fv(iz) 6 ]Br2 314 vs, 198 s
[V(iz)6 ]l 2 313 s' 198 m
V(2miz) 4 Cl 2 310 sh b, 295 vs, 285 , bsb, 261 bm
[v (2 miz) g] Br 2 310 s, 281m,b 2  61 bm, 2 1 0 vw
[v(2 miz) g] I 2 312 s 285m,b 260
bm, 2 0 2 w
v(iq) 4 ci 2 303 s 267 w, 225 m
V(IQ) 4 Br 2 283 S, 219 m
v(iq) 4 i2 286 m, 262 mb, 223 w, 205 w
a — 1Bands in the 300 cm region are in most
cases highly structured.
b Bands due to 2-miz absorb at 379 w, . 355 m
and 269 sb cm""!.
Imidazole and pyrazole do not absorb in the 
region 600-200 cm*"!.
i—1 11
Eo
'—
d
-P
VO o
CM <D
a
0 w
P
2 'd
try 0•H
fH i
0
tw
cH
0h
  .;=> 0 0 2  —
r
v .
v
OOfr
0 0 2
f
V
>
i. OOf
0 0 2
V
V
X
f
oo^
002
\
f
OOf
0 0 2
V
z'
X
OOfr
0 0 2
X
OOf
CM 
H 
r~i
VO
o'—**
N
•H
CM
U
CQ
VO
N
*H
CM
rH
O
XL
N
-H
CM
Hf
rrs1
N
a
CM
M
PQ
N
o.
>
CM
rH
u
IM
CU

- 98 -
14ments would agree with those of Issigoni et al., for
[v(iz)g]ci2  and be concordant with assignments of v(NiN)
at 330 cm " 1  and 6 (NNiN) at 215 cm” 1  for [Ni(NH3 )6 ]x 2  
6 8systems. Also [Ni(iz)g]x2  complexes exhibit bands at
 -l _  -1 O O  O Q  A~l '
about 260 cm (strong) and 213 cm (medium-to-weak;.' r
These have been assigned to v(NiN) and 6 (NNiN) respect-
38 3 9 41ively. ' However, Cornilsen and Nakamoto found the
- 1
band at 213 cm not to undergo appreciable metal isotope
shifts in the hexakis(imidazole) complexes. Therefore, in
— 1[V(iz)6] X2 , bands near 2 0 0  cm are more likely to arise
from imidazole bands in the region of 2 0 0  cm 1  shifted or
activated On coordination.
The tetragonally-distorted compounds V(pz)^Cl 2  and
V(pz)^Br 2  have similar spectra, although the band system
near 300 cm 1  is broader and better resolved for the
former. A band at about 197 cm 1  in the spectrum of
V(pz)^Cl 2  was not observed for the bromide complex. It is
possible that the band system at about 300 cm 1  in V(pz)^Cl 2
can be assigned to overlapping v(VC1) and v(VN) in agreement
14with Issigoni et al.
Interpretation of the spectra of the vanadium (II)
2-methvIimidazole (Figure 27)complexes is made difficult
by the background spectrum of the ligand. In the spectra
of [v (2miz) g] Br 2  and [v(2miz)g]l2  the v(VN) stretch may
- 1be assigned to the bands at 310 and 312 cm respectively.
-]The broad shoulder at 310 cm ' in the spectrum of 
V(2miz)^Cl 2  could arise from overlapping v(VN) and v(VC1) 
modes. A very intense absorption at 295 cm 1  may be due 
to v(VN), but this is uncertain because of the considerable
- 99 ~
overlap of bands in this region. The spectra of all three 
complexes show absorptions at approximately 379, 355 and 
2 6 9  cm ^ due to the ligand itself.
The benzimidazole complexes V(biz) 2EtOH and
V (biz) ^ I^EtOH show evidence of ethanol in their infra­
red spectra, i.e., bands at about 3340 cm  ^ (strong
- 1shoulder due to v (OH) ) and 1040 cm (medium-to-weak due
to v (CO) ) . Bands near 16 20 cm ^ may be due to 6  (OH) but
benz imidazole itself absorbs at this frequency. Benzimi-
dazole absorptions also confuse the far infra-red region
(Figure 27).
Inspection of the infra-red spectra of the
isoquinoline-vanadium(II) compounds (Figure 27) shows that
they are as difficult to understand as their reflectance
spectra. They all show weak-to-medium, anion-independent
bands near 220cm From 250 to 350 cm ^ only one strong
band is observed for the bromide, a multi-shouldered band 
- 1at 303 cm is found for the chloride with a weaker 
absorption at 267 cm ^ and two medium bands at 286 and 
26? cm ^ (broad) are seen for the iodide. If halide is 
coordinated, theithe v(VX) absorptions should decrease in.
the order Cl > Br > I as in the corresponding nickel(II)
38 — 1complexes (in which v(NiN) occurs near 212 cm , and
v(NiX) is observed at 170,152 cm ^ (Cl) , 132 cm ^(Br) and 
103cm ^ (I). If assignments are correct the v(VX) 
vibrations should lie at higher wavenumbers than the 
nickel values, and the v(VCl) vibration might be expected
-  1 0 0
near 2 0 0  cm \  at the limit of the instrument available.
- 1
The bands in the 250^*320 cm would then be VN vibrations.
Clearly, it is necessary to record the infra-red spectra
of the vanadium(II) compounds to still lower frequencies.
The NH stretching frequencies of the vanadium (II)
compounds containing pyrazole and imidazole were almost
15identical to those found by Mani. Also, the NH
- 1
stretching vibrations were located at about 3180 cm for 
each of the vanadium(II)2-methylimidazole complexes, 
although absorption in this region was somewhat broader 
for V( 2 miz) 4 CI2  indicating more extensive hydrogen bonding 
may occur in this complex.
X-Ray Powder Patterns
The d-spacings from the X-ray powder photographs 
are given in Tables 2 0 - 2 3 .  The three pyrazole
complexes have similar d-values despite the fact that 
V(pz)^Cl 2  and V(pz)^Br 2  presumably have tetragonally— 
distorted structures and [V (pz) has octahedral 
stereochemistry.
The imidazole complexes are isomorphous and probably 
isostructural. This is to be expected because the halide 
ions are present in the outer coordination sphere and as 
such are not bound to the metal ion.
The d-spacings and intensities of [V(2miz) g] Br 2  and 
£v (2 miz) 6 ]i2are similar because the inner coordination 
Sphere for each complex only contains the six
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heterocyclic ligands. No X-ray powder photographs could 
be obtained for the benzimidazole complexes. Attempts to 
obtain powder patterns by varying the exposure time failed.
The majority of the d-values, and their intensities 
for the isoquinoline complexes are similar. It is then 
reasonable to propose that the complexes have similar, 
though not identical structures.
Other Preparative Studies
1. Reactions, of with, quinoline
Attempts to prepare a compound of quinoline analogous
to V(isoquinoline)^Br2  were unsuccessful. Treatment of 
ethanolic solutions of V B ^ ^ I ^ O  with quinoline in ratios 
of 1:4 gave intense red solutions from which no crystall­
ization occurred. Even when placed in a refrigerator for 
several days no solid was deposited. By concentrating 
the solution at room temperature a purple-red solid 
appeared which turned brown fairly quickly even under 
nitrogen. It seems reasonable to suggest that coordination 
by quinoline is sterically less favourable compared to 
its isomer isoquinoline.
2. . Reactions of. VB^.SI^O with benzotriazole and acetylacetone
Ethanolic vanadium(II) bromide solutions treated with
the calculated amount of benzotriazole in 1:4 molar ratios
gave deep-red solutions from which no solid could be
-  106 -
crystallized. Evaporation to near dryness gave a viscous
red oil, soluble in acetone, ethyl acetate, diethyl ether
and the petroleum ethers. No solid crystallized from
these solutions.
It was hoped that an extension to the chemistry of
vanadium(II) acetylacetonates could be made by
synthesizing V(acac ) 2  and then isolating base adducts.
12
Since V(acac ) 2 (py) 2  was already known it seemed suitable
to isolate it first, remove the pyridine thermally ; and
form other adducts.
In our studies, the published procedure for V(acac)^ (py) 2
was, at first, followed scrupulously. Acetylacetone and
pyridine were distilled under nitrogen prior to use.
3
a) Acetylacetone (2.0 cm ) was added to an aqueous
3
solution of VSO 4 .6 H 2 O (2.4 g., 25 cm ) containing some dilute
3 .
sulphuric acid (1 cm ) . After shaking this solution the
3
colour changed from violet to beige. Pyridine (5 cm ) was 
then added. An exothermic reaction took place and for an 
instant the solution turned blue. It then turned red-brown 
and crystals separated. This material was not very
69sensitive to air and was probably red-brown Vtacac)^.
b) When pyridine was added to an ice-cold acetylacetone/ 
VSO^.GI^O (2 :2 : 1  molar ratio) mixture a red-brown 
crystalline material was obtained as before. The solid 
was not air-sensitive. Even when an excess of acetyl­
acetone or pyridine was used, oxidation always took place.
The use of non-aqueous media or the absence of dilute
-  107 -
sulphuric acid did not give the desired product.
c) Several attempts with ethanolic VB^-'GI^O gave the 
same results.
d) A reaction was conducted using a stronger base, namely 
imidazole, rather than pyridine:
3
A solution of acetylacetone in ethanol (l.lg.,4 cm )
was added to a solution of VS0^.6H20 ; (1. 4 g) in ethanol.
3 3(15 cm ) containing dilute sulphuric acid (2.5 cm ) . A
red-brown solution was obtained to which an ethanolic
3
solution of imidazole was then added (0 . 75 g. , 8  cm ) . 
Initially a blue precipitate appeared but it instantly 
turned green, the solution remaining brown. On evaporation 
to dryness the large green crystals were suspended in 
chilled ethanol, filtered off, washed with ethanol and 
vacuum dried for five hours. The filtrate was red-brown.
On exposure to air, the compound was hygroscopic and formed 
a viscous blue oil. No sensible formula could be fitted 
to the analyses.
The cause of oxidation was not obvious in the 
aforementioned reactions. Schaeffer^ 0  stated that the blue 
complex V(acac > 2  (not isolated, but observed in solution) 
would not form unless the acetylacetone added to a 
vanadium(II) salt was freshly distilled under nitrogen, 
and used within an hour, otherwise yellow-brown oxidized 
species formed, but this was done in the present work.
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3. Reactions of vanadium(II) salts with Schiff bases 
Introduction
To date, no complexes of vanadium(II) with Schiff 
bases have been reported and only a handful of vanadium(III) 
compounds of such ligands, e.g. salen (Figure 28 ) are 
known
Figure 28 
H 2 C ‘ C H 2
H C — N N =  CH
71
Swinehart isolated the complex V(salen)Clpy, which
contains tervalent vanadium, and studied the kinetics of
the reaction between the NN 1 -ethylenebis(salicylaldimi-
+
nato)vanadium(III) ion, V(salen) , and oxygen in pyridine.
The results indicated that a V(salen)+- oxygen adduct was
72formed. Murray and co-workers synthesized and
characterized the vanadium(III) complexes V(salen)clpyr
V(salen) Cl (py) 2 / V(saph)Clpy, V(salen)Brpy and V(saph) Br(py) ^  #
The chlorides were prepared by allowing VCl^ and the ligand
to react in pyridine. The bromides were then obtained by
73LiBr substitution. The anionic derivative,
r i3— 74[V (salen) (SO^^J r and the tris-chelates VL 3 , where
L = an N-substituted salicylideneiminato-anion, have been
reported.
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Experimental
In this work attempts were made to isolate vanadium (II) -
Schiff base complexes. Compounds of approximate composition
(1) V(salen)C12EtOH, (2) V(salen)Br 2 .2EtOH, - .
(3) V (salen)Br 2 .(.py) 2  an<3 (4) V(salen) I2Me0H were synthesized,
Reaction (5) was carried out in an effort to synthesize
V(salen) in which V (salen) CI 2  (prepared from VO (salen)
75
according to a published method) was reacted with sodium 
sand in tetrahydrofuran.
An attempt to synthesize a vanadium(II) complex of the 
neutral Schiff base bis(pyridinal)ethylenediimine (Figure 
23) ,was also made (reaction (6 )).
Figure 29 . .    _
HC
H2 «2
N
I
\
N CH
1. : V(salen)Cl.2EtOH
3
A solution of VCI 2 .2 H 2 O in ethanol (1.9g. ,20 cm ) was 
added to the solid ligand. Concentration of the resulting 
brown solution to about 8 'cm deposited fine yellow-brown 
crystals. Chilled ethanol was added and the solid filtered 
off, washed with ethanol and vacuum dried for six hours.
The dry solid was yellow-brown and it slowly turned green
- 110 -
on exposure to air.
Calculated for . V C ^ H ^ O ^ C l :  V, 11.4; C, 53.9? H, 6.1?
N, 6.3; Cl, 8.0%.
Found: V, 8 .8 ; C, 52.8; H, 5.8; N, 6 .6 ; Cl, 11.3%.
2. V.(salen) Br2. 2Et0H
Salen (1.9g.) and lithium hydroxide (0.09g.) were
3
dissolved in ethanol (300 cm ) and the solution gently 
boiled for one hour. After cooling to room temperature 
the solution was filtered to remove any unreacted lithium 
hydroxide, and treated with VBr2 .6 H 2 0  in ethanol (2 . 2  g,
3
25 cm ) . The solution became brown and was gently boiled 
for five hours.' Evaporation to near dryness gave a dark 
brown precipitate. This was suspended in ethylacetate 
and dried for six hours in vacuo. The beige solid turned 
green on exposure to air.
Calculated for VC 2 C)H 2 7 0 4 N 2 Br2 : V, 8.9? C, 42.1; H, 4.8?
N, 4.9? Br, 27.7%.
Found:;.. V, 8.7; C, 42.3? H, 4.7; N, 5.2; Br, 22.1%
3. V(salen) Br 2 .(py) 2
Dibromotetrakis (pyridine) vanadium (II) was prepared by
adding VBr 2 .6 H 2 0  to neat pyridine whereupon the required
V(py) 4 Br 2  quickly crystallized. This is a modification
9
of the procedure given by Khamar who obtained this 
material from acetone. The bromide was added in small
3
portions to a solution of salen in ethyl acetate (3. 1  g. ,2 0 cm ).
- Ill -
An intense red-brown solution formed. Orange-brown 
crystals precipitated shortly after. The precipitate 
was filtered off, washed with ethyl acetate and dried 
under continuous pumping for five hours. The solid 
turned green after twelve hours exposure to air.
Calculated for VC26H25°2N4Br2 : V ' **.0; C' 4 9  H ' 4 *0?
N, 8 .8 ; Br, 25.1%.
Found: V, 8.1; C, 48.2; H, 4.1; N, 8.4; Br, 22.5%.
4. V (salen) I.2MeOH
A solution of VI 2 .6 MeOH in ethanol (2.5 g. , 25 cm^)
was treated with a suspension of salen in ethanol (1 .4 g.,
310 cm ) . The solution became yellow-green and was left 
overnight in an ice-bath, whereupon .a brown precipitate 
was obtained. This was filtered off, washed with a 
mixture of equal parts ethyl acetate and ethanol and 
vacuum dried for three hours. The brown solid gradually 
turned green on exposure to air.
Calculated for VC 1 8 H 2 3 0 4 N 2 I: V, 8 .6 ; C, 42.4; H, 4.6;
N, 5.5; I, 24.9%.
Found: V, 6.9; C, 42.6; H, 4.5; N, 5.4; I, 32.5%.
75’.
5. The blue complex V(salen)Cl2  C4.0g.) was suspended
3
in tetrahydrofuran ( 1 0 0  cm ) freshly distilled from 
lithium aluminium hydride. To this was added a two-fold 
excess of sodium sand (0.94g.). No reaction occurred.
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The blue suspension was stirred for two hours but remained 
unchanged. The reactants were brought to the boil and 
refluxed for approximately four hours but no reaction 
whatsoever had taken place.
6 . The chloride VCl 2 .2EtOH (3.lg.) in purified ethanol
3
(30 cm ) was treated with bis(pyridinal) ethylenediimine .
3(3.5g.) in ethanol (10 cm ). A highly exothermic reaction 
took place and the vessel was cooled in liquid nitrogen.
On standing a brown solid appeared. The mixture was allowed 
to stand for a week, the brown solid which remained un­
changed was filtered off, washed with ethanol and vacuum 
dried for four hours. On exposure to the air the solid 
did not change colour even after two months. No sensible 
formula could be fitted to the analytical results obtained.
General Discussion
The products of reactions 1-4 showed no d-d
reflectance bands typical of vanadium(II). In fact the
region from 2 0 . 0  to 6 .0 kK was very poorly resolved.
Dissolved in pyridine the vanadium(III)-Schiff bases
72
isolated by Murray and co-workers showed reflectance 
bands near 17.0kK. Only weak shoulders in this region 
could be seen in the reflectance spectra of our materials. 
However, significant absorption at about 6.0kK (except for 
V(salen) B r2-(py)2)was similar to that seen in the spectra 
of salen itself. Nonetheless, the brown colour of the.
- 113 -
complexes was similar to that of Murray's compounds.
Each complex had magnetic moments ca. , 2.7B.M. 
typical of vanadium(III). The far infra-red spectra 
of the compounds were similar to, but not identical 
with, some of the compounds isolated by Murray and co­
workers.
The infra-red spectra of both salen and the complexes 
in the 1600cm ^ r e g i o n  were quite similar and so did not 
indicate that reduction of the ligand had taken place 
in these reactions. Inspection of the X-ray powder 
patterns of salen, the vanadium(II) salts from which the 
compounds were obtained, and the final compounds them­
selves gave no suggestion that the complexes were mixtures, 
although this possibility remains.
- 114 -
CHAPTER III
GENERAL INTRODUCTION TO 
DITHIOCARBAMATES
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A review of sulphur-donor ligands has been included
because although attempts to prepare vanadium(II) dithio-
carbamates were unsuccessful, they led to the preparation
of vanadium(III) dithiocarbamates (see Chapter IV) and
further investigations of manganese and cobalt dithio-
carbaraates. Ligands having sulphur-donor atoms have
received scant attention although recently there has been
7 6 — 82considerable interest in such ligands.
Metal ions are divided into two classes of acceptor.
Class A acceptors are those that form more stable complexes
with ligands whose donor atoms are first row elements,
such as N, 0 or F whereas Class B acceptors are metals
that prefer to bind to ligands having second row elements
as their donor atoms, such as P or S. Class B behaviour
is most apparent in metals with low oxidation states when
their d- orbitals can form d^ - d^ bonds with Tr-acid ligands
such as Ph^P or Et 2 S. In general, Class B behaviour is
restricted to a central area of the periodic table, most
83metals being in Class A, but many metals do not show 
predominantly either character and are classified as 
borderline.
Reviews have been written on complexes of negatively
charged bidentate xanthates, dithiocarbamates, ^
8 6  87dithiophosphates, and the neutral thiourea and sub-
23stituted thioureas. These constitute the most widely 
studied complexes containing sulphur-donor atoms from 
which the main features of sulphur as a donor atom can be 
summarized as follows:
1) The effective electronegativities of donor atoms will 
be dependent upon other atoms or groups attached, but
- 116 -
generally decrease in the order: F > 0 > N > Cl > Br > I ~S ~
Se ~ C > Te > P > As > Sb.
The coordinating ability is assessed on both the 
electronegativity and the total dipole moment of the 
ligand. For example, the coordinating ability decreases 
in the sequence H 2 0 > ROH> 1^0 but the reverse order holds 
for sulphur where I^S < RSH <
2) From either an electrostatic or covalent approach, the 
strength of bonding to a metal ion is in the order RO > RS 
and R 2 0 > R^S. However, ir-bonding can reverse this for 
sulphur possesses vacant d-orbitals capable of being used 
in d -d bonding.
TT TT .
3) Both the number of lone pairs and the polarizability
2 -
of sulphur-donor atoms decrease in the order S > RS > R 2 S. 
Sulphur-containing ligands occupy variable positions in 
the spectrochemical series.
4) As outlined earlier sulphur ligands coordinate more 
firmly to Class B metals than do oxygen donors.
5) Ligands containing sulphur-donor atoms occupy a
o o
relatively late position in the nephelauxetic series, 
reflecting the appreciably large covalence associated 
with the ligand-to-metal bond.
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6 ) By virtue of their empty, low-lying d- orbitals and 
high polarizability, sulphur-donor atoms are able to 
average the electronic charge over all atoms to which 
they are attached.
A brief survey of dithiocarbamates
The reaction of carbon disulphide with aromatic or
aliphatic primary and secondary amines affords salts of
78general composition [s2 CNR^]/ but in the
presence of alkali metal hydroxide metal salts of the
type M S2 CNR 2 ' are obtained. The diethyldithiocarbamate 
89
anion is planar and resonance stabilized (Chapter VII, 
p. 247).90
Alkali metal dithiocarbamates usually contain water
91of crystallization. These dithiocarbamates dissociate
completely in water. The anhydrous salts associate in
organic solvents, to a degree which depends on the metal
ion. With alkyl substituents, the solubilities of the
salts in organic solvents increase with chain length. In
basic solution, salts derived from primary amines decom-
92
pose to isothiocyanates. Under acidic conditions the
more stable disubstituted derivatives are converted to
93
the protonated amine and carbon disulphide. This can
also apply to some metal dithiocarbamate complexes.
The versatility of dithiocarbamate ions and their
complexes results in widespread analytical, agricultural,
94
industrial and medicinal applications. Some, e.g.,
Zn(S2 CNEt2 )2  ^ are used in the vulcanization of rubber ;
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others have important fungicidal properties, e.g.
Fe(S 2 CNMe2)3-
Oxidation of the dithiocarbamate ligand yields a
85tetrathiuram disulphide thus
2 S2 CNR2 ~:5 =~2= R2 NCS. (S2 ).SCNR2  + 2e“
95
Cationic oxidation products have been described but 
not verified from X-ray crystallographic work. Dithio­
carbamates and related 1 ,1 -dithiolate ligands can support
78unusually high oxidation states of the first row elements.
Ligand covalency, charge distribution, and the small intra-
o
ligand S....S distance (the chelate "bite") of ca. 2.8 A 
help to explain this.^5 p0r the preparative chemist, 
established synthetic routes to transition metal dithio­
carbamate complexes include:
1. Metathesis between an alkali metal salt of the ligand
94,96
and a transition metal compound. The unstable free
97
dithiocarbamic acids are seldom used synthetically.
2. The reaction of a metal hydroxide with carbon disulphide 
and the appropriate amine.
Amongst procedures less often used are:
3. Insertion of carbon disulphide into transition metal
9 8 a,k/99
dialkylamides .
4. Treatment of dialkyl- or diaryl- ammonium dithio­
carbamates ^ ^with transition metal salts. This is 
advantageous in so much as alkyl- or aryl- ammonium salts 
are formed as co-products, and they are more soluble than
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alkali metal salts in organic solvents.
Hulanicki'*'0^ has reviewed the complexation reactions 
and stabilities of various disubstituted transition metal 
dithiocarbamates.
Investigations of dithiocarbamato-complexes of 
several first row transition metals in +2 and +3 oxidation 
states are recorded in this thesis. In view of this, and 
the extensive literature, the following review has been 
restricted to these oxidation states of the first transition 
series. Little attention has been paid to nitrosyl com­
plexes of dithiocarbamates.^'^
Titanium
The simple halides of divalent titanium, TiCl2, TiBr 2
102and TiI 2  all evolve hydrogen from water, clearly 
demonstrating that the +2 state is strongly reducing. Not 
surprisingly, no complexes of titanium(II), with bases 
such as dithiocarbamate are known.
Coutts et al.have prepared several deep green cyclo- 
pentadienyl titanium(III)dithiocarbamates of the type (a) 
CpTi (S2 CNR2) 2, w h e r e  R = Me, Et, Prn and and (b)
Cp2Ti (S2 CNR2) , where R = H, Me, Et, Pr11, Pen 1 1 and 
from the appropriate sodium dithiocarbamate and cyclo- 
pentadienyltitanium(III) dichloride to give type (a) or 
bis(cyclopentadienyl)titanium(III) chloride to give type(b). 
These air-sensitive solids were magnetically normal and 
monomeric.
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The brown compounds Ti (S2 CNMe2) 2  Me2N and (S2 CNMe2)
105
Me 2 NTiCl 2  have been isolated but the coordination and 
oxidation state of titanium remains in doubt. So far, 
no examples of tris(dithiocarbamato)titanium(III) com­
plexes have been reported.
Vanadium
To date, there have been no publications of any 
vanadium(II) compounds containing sulphur-donor atoms, 
reflecting the powerful reducing nature and Class A 
character of divalent vanadium.
87Patel has isolated materials of the approximate
compositions V(S 2 CNR2)2, where R = Me, Et and B z , and
V(S 2 CNR2 )OH, where R = P.r31, Bu1 1 and %C^Hg. The analyses
were good suggesting that the species contained
vanadium(II), but their very low magnetic moments
indicated that oxidation had occurred. The oxidation
state in the nitrosyl complex V(NO)(S 2 CNEt2 ) 2  is un- 
106
certain.
Information on vanadium(III) dithio-complexes is
particularly sparse. Furlani et al.-*-0 7,a,b isolated
the first complex to contain the VS^ chromophore, namely
red-brown V(S 2 P(OEt ) 2 ) 3  in which the vanadium atom is in
a trigonally-distorted octahedral environment. Que 
108
and Pignolet recently synthesized two tris(dithio­
carbamato) vanadium (III) complexes, V(S 2 CNMePh ) 3  and
- 121 -
V(S 2 CNBz2 ) 3  by adding the sodium or lithium dithio­
carbamate to anhydrous vanadium(III) chloride in 
absolute ethanol under air-free conditions. The p.m.r. 
spectra of both compounds showed two kinetic processes:
a) a high temperature process resulting from cis-trans 
isomerisation, and b) a low temperature process 
involving metal-centred optical inversion. Pseudo- 
octahedral stereochemistry was assumed on the basis of 
magnetic data (2.79 and 2.74 B.M. at 298°k respectively). 
Other tris-complexes of this sort have not been reported. 
Several pyrazoline-dithiocarbamato compounds of 
vanadium (III),(IV) and (V) have been described by 
Byr'ko and co-workers. The vanadium(III) compounds 
were diamagnetic (shown by n.m.r.) and of the type 
V O t S ^ C ^ - R R ' ,  ).H2 0, where R = Ph, R' = H ; R = H,
R' - Ph ; and R = R' = Ph. An interesting complex, namely
110
Cp 2 V(S 2 CNEt2) was obtained by Fachinetti et a l # 
whilst investigating bis(cyclopentadienyl)vanadium(III) 
derivatives as models in insertion reactions. N.M.R. 
studies showed the violet compound to be diamagnetic 
and susceptible to one electron oxidation by I2  in 
tetrahydrofuran. This gave the maroon oxidation product 
[Cp2 V(S 2 CNEt 2 )]l3.
Chromium
A wealth of information on chromium(II) compounds 
has accumulated during the past decade, even though
- 122 -
chromium(II) is a powerful reducing agent. Nevertheless,
extremely few compounds with sulphur-donor ligands have 
111-113
been reported, these being restricted to a few
114dithiocarbamates, bis(o-aminobenzenethiolato)chromium(II),
23
and some complexes containing various thioureas.
H 5 a
Malatesta reported that the chromium(II) ion
reacted immediately with dithiocarbamates in aqueous solution. 
Apparently, an initial chromium(II) complex rapidly 
underwent oxidation to the chromium(III) derivative, even 
under nitrogen. Furthermore, the chromium(II) ion has
115b
also been stated to oxidise in the presence of xanthates.
Despite this, some chromium (II) bis-dithiocarbamates have
112been isolated. Yellow-green, pyrophoric Cr(S2 CNEt 2 ) 2  
was isomorphous with the dimeric, five-coordinate
116 1 1 7
copper(II) and zinc(II) analogues, and thus has a 
similar sulphur-bridged binuclear structure, but magnetic 
and spectroscopic measurements were not carried out because 
of the air-sensitivity.
Et0NCL Cr CNEt 0
2 \  /  l \  /  2
^  S - ^  I ^
I I
Et2NC\ ^  ^.CNEt2
113Others studied the spectra and magnetic properties of 
Cr(S 2 CNEt 2 ) 2  and Cr(S 2 CNR2)2, where R = Me, or all
of which displayed antiferromagnetism which was successfully
accounted for using a binuclear model.
Tris-dithiocarbamates of chromium(III) were first
118
discovered by Delepine who isolated the violet diethyl-
115a
and di-isobutyl derivatives. Malatesta undertook 
magnetic investigations of various related compounds.
Since that time, investigations employing electronic
119 120 90,121
spectra, and infra-red spectra have centred on
the CrSg dithiocarbamate unit. The solids can be obtained
in a high degree of purity and are very stable. Such
122 .
compounds have magnetic moments in accordance with three
unpaired electrons and possess pseudo-octahedral stereo- 
108,119
chemistry. Proton n.m.r. spectra have quite
recently been recorded on several chromium(III) dithio-
123 124
carbamates. Contreras and Cortes have compared the
infra-red spectra of some chromium thiurams and dithio­
carbamates. : ;
Manganese
• 125
Cambi and Cagnasso first noted the existence of the
bright yellow presumably bis(dithiocarbamato) manganese(II)
compounds which oxidized directly to the tris-chelate
112
manganese (III) derivatives. Fackler and Holah isolated 
analytically pure Mn(S 2 CNEt2 ) 2  by mixing a manganese(II) 
salt with aqueous NaS 2 CNEt2 |. in a nitrogen atmosphere.
~ 124 -
They found the compound was isomorphous and presumably 
isostructural with binuclear chromium(II), iron(II), 
copper(II) and zinc(II) dithiocarbamates. These workers 
were unable to conduct magnetic susceptibility measure­
ments on Mn(S 2 CNEt2 ) 2  due to its reactivity towards
126oxygen. Anand and Lahiry claimed to have prepared pure
Mn (S2 GNEt2 ) 2  (no analyses supplied), the magnetic moment
of which (4.0 B.M. at 295°K) would be appropriate to a
planar manganese(II) complex with an uncommon, partially
3spin-paired state (S = . The complex was allegedly
127
isomorphous with square planar Ni(S 2 CNEt2 ) 2  • Bhatt
128
et al, concluded that their mustard coloured sample of
Mn(S 2 CNEt2 ) 2  had a magnetic susceptibility of 3,703 x 10 ^
c.g.s.u. (converts to 3.24 B.M. at 295°K). After the
129
present work had been completed, Mn(S 2 CNEt 2 ) 2  Weis shown
130
to have an octahedral polymeric structure. Discussion
of this is deferred to Chapter V. Six-coordinate, mono­
meric, and magnetically-dilute manganese(II) complexes 
have been obtained by reaction of bis(dithiocarbamato)
manganese(II) complexes with the nitrogenous bases
131
2,21-bipyridyl and 1 ,10-phenanthroline. Certain amines
such as piperazine and piperidine have been used to form
dithiocarbamates from which colourless manganese(II)
132
complexes have been made. Attempts to synthesize a
nitrosyl of bis(diethyldithiocarbamato)manganese(II) have 
133
failed because nitric oxide appeared to oxidize the 
complex as it does other manganese (II) chelates such as
- 125 -
134that of NN-ethylenebis(salicylidineimine) .
Dark violet manganese(III) complexes have been known
ir .. ■ ., . 122,135 . * 9 Oa, bfor some time, their magnetic, ' infra-red, ultra-
136 137 123
violet, X-ray powder and n.m.r. properties having
been discussed considerably. Contrary to earlier reports, 
133
Hill has found that reacting manganese(II) salts with
aqueous NaS 2 CNEt 2  (1:3 molar ratio) does not yield
' 118 Mn(S^CNEt 2 ) 3  as suggested. Instead, dark
unrecrystallizable precipitates of approximate composition
Mn(S 2 CNEt 2 )2 0h were formed. This appears to be because
138
manganese(III) dithiocarbamates are unstable unless
prepared and preserved in an inert atmosphere. Trigonal
distortions from octahedral symmetry are present in
108manganese(III) dithiocarbamates (approximate
symmetry) but only Mn(S 2 CNEt2 ) 3  (X-ray structural study)
139
has a superimposed tetragonal distortion which pre­
sumably originates via the Jahn-Teller effect.
Recent p.m.r. studies on manganese(III) dithiocar- 
108
bamates show that geometrical (cis-trans due to S 2 C-N
bond rotation) and optical isomerism (Figure.30) are
operative in these compounds. The latter stems from a
trigonal twist mechanism because of the small bite angle,
(a ~ 75°) This contrasts with optical inversion via bond
rupture as in tris($-diketonate) complexes where the bite
o 140
angle is much larger (a ~ 8 8  ) .
- 126 -
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Figure 30
Trigonal Twist Mechanism for Mn(S 2 CNMePh)3 .
141
Pignolet et al. "nave isolated Mn(S 2 CNEt2 ) 2  tfd. The one
electron; reductions of tris(dithiocarbamato) -manganese(III)
and -iron (III), complexes have been investigated by n.m.r.
14 2
and electrochemical techniques. The results show that 
the greater is the positive charge on the nitrogen atom 
the more easily are the complexes reduced, and consequently 
inductive properties of the R-substituent are of prime 
importance in this respect.
Iron
132Gleu and Schwab described the characteristic brown
colour of iron(II)-dithiocarbamates but no solids were
characterized. Recently, several workers prepared 
84,87,112,143
Fe(S 2 CNEt 2 ) 2  showed it to be isomorphous
116
with the trigonal bipyramidal dimer Cu(S 2 CNEt2 ) 2  -
Dithiocarbamates of the type Fe (8 2 0 ^ 2 ) 2  with R = Et,
Prn and Bun Were strongly antiferromagnetic with Neel 
points at 104, 180 and 100°K respectively, but when R =
8*7 n
Me or ^C^Hg the Curie law was obeyed. Mossbauer 
144,145
studies showed the former class to be five-coordinate 
dimers whereas the latter class have six-coordinate 
polymeric structures. When moist, the air-sensitivity
Qf the diethyl-substituted, bis-chelates decline in the
87 143
order Fe (II). < Mn(II) < Cr (II). de Vries and co-workers .
11
have discussed the Mossbauer and electronic spectra of
Fe($2CNR2^2' w^ere R = Pr11, Bu11. and Ph, and
tris-dithiocarbamates of iron(II), hitherto unknown of
the type MFe(S 2 CNEt 2 )^, where M = Ph^P, Bu^N and Et^N,
High-spin iron (II) complexes Fe (S2 CNR 2 ) 2 E / where R = Me
and Ph ; L = phen, Me?*-phen, and Mep-bipy have been 
146,147
prepared. An iron(II) complex with the unsaturated
148
ligand CJ^ = NCS 2  is known. Base adducts of Fe (S2 CNEt 2 ) 2 /
with 2 ,2 ?-bipyridyl and 1 ,1 0 -phenanthroline have been
, ■ . . 131,147
characterized.
Much attention has been paid to Fe (8 2 0 ^ 2 ) 3  complexes,
96,149
primarily due to their unusual paramagnetism, which
is caused by spin-isomerism arising through the 10 Dq
value of the ligand being close to the value of IO Dq at the
crossover point of the A^gand T 2 g terms. Mossbauer 
150,151
studies showed no indication of independent high-
spin and low-spin forms and were interpreted on the basis
2and T 0  1
9 2g
6  of the Aj 2 terrns in rapidly exchanging thermal
- 128 -
equilibrium. The p.m.r."^^' properties
of some iron (III)dithiocarbamates have been discussed.
59A correlation between the Co n.m.r. chemical shifts of
substituted cobalt(III) dithiocarbamates and identically
substituted iron(III) systems shows that as the chemical
shift in the Co (III) complexes increases,. the greater is
152
the magnetism for the Fe(III) species. Such data 
afford the following classification of magnetic behaviour 
with regard to substituent.
Class -NR 2  yF B.M.
(r,295°K)
1. -N(CH2 ) 4  ca. 5.9
2 . -N(n-alkyl)~
. 4.1 - 4.5
-N(CH2)n (n>/ 5)
3. -N(CHR2) 2 ~NPh2  2 . 2 - 2 . 6
With inequivalence of R groups intermediate classes arise.
153
A linear plot of mean Fe-S distances in all known iron (III)
dithiocarbamates against.their magnetic moments reflects a
pronounced 1 substituent-magneto.chemical1 relationship. The
effect of temperature, pressure, and chemical modification
of the ligand on the magnetism and electronic spectra of
149
iron(III) dithiocarbamates has been discussed*
Electrochemical studies of the one electron oxidation 
and reduction processes for numerous dithiocarbamates of 
Cr(III), Mn(III), Fe(III), Co(III), Ni(II), and Cu(II) have
found a significant dependence of redox potential on the
,n3d metal configuration and the nature of ligand 
154
substituent.
i.e. [M(S2 CNR2)n] -e ====- [M (S2 CNR2 ) J  <~=Sr [M(S2 CNR2)n] + e
El red. 
2
El OX. 
2
n = 2 or 3
A series has been proposed, v/hich, for a given metal atom, 
indicates how prone a complex is to one electron reversible 
electrochemical reduction by virtue of the substituent 
present i.e. dibenzyl, (hardest to oxidize). <'pyrrolidyl. ■ < 
dimethyl/< diethyl. < di-isobutyl. < dicyclohexyl ( easiest 
to oxidize). From literature sources, taking virtual 
extremes of the types of behaviour experienced by 
tris(dithiocarbamato)iron(III) systems allows the 
following summary:
R small2 *
e.g. %C 4 H 8
C-N bond short
much double bond character
Fe-S bond long ; weak ligand field 
smaller ’bite’ ligands
High-spin behaviour 
Faster optical isomerization 
Easy to reduce (harder to 
oxidize)
R 2 : large
■o i e.g. Pr 2
C-N bond long 
little double bond 
character
Fe-S bond short ; strong
ligand field
larger 'bite* ligands
Low-spin behaviour 
Slower optical iso­
merization 
Difficult to reduce 
(easier to oxidize)
Ev(V) = -0.35
T
2 g]
AE = 2.0 kK
A ig
(ground state)
EL (V)= -0.55
A
AE =. 0.4 kKU
%
(ground state)
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Single crystal analyses (at room and liquid nitrogen
155 153temperature for R = Et),of Fe(S 2 CNC 4 Hg)3 , Fe(S 2 CNEt2)^ J
155and Fe(S 2 CNMePh ) 3  show that the Fe-S bond lengths tend 
to contract, as the magnetic moments decrease in the order 
C4H8 > Et > MePh. The complexes have approximately 
symmetry.
156Tamminen and Hjelt have isolated a yellow-green
compound of composition Fe(S 2 CNEt 2 )Cl^ formed by the
reaction of FeCl^ and NNN'N1-tetraethyl thiuram disulphide.
They proposed that a chlorine atom was coordinated to the
S5
sulphur atom but Willemse and Steggerda found this to 
be incorrect. By treating Fe(S 2 CNEt 2 ) 3  or Fe(S 2 CNEt 2 )2 C1 
with chlorine (similar procedure to obtain the bromide 
complex) in chloroform they obtained Fe(S 2 CNEt 2 )Cl^ .
This was a cationic complex containing tetrachloro- 
ferrate(III) ions, [FeCl^] and positive dithiocarbamate 
ions.. The dimeric dipositive ion (2) with an S-tetra- 
thian ring is assumed to be present because the monomeric 
ion (1 ) involves substantial ring strain.
2+
NEt 9
T  II ■
S s s
s \ c / s NEt 2  „
(1) NEt2 (2)
Evidence of an Fe-Cl stretching mode was found in the
-1 -1 infra-red spectrum of this material at 386cm (cf. 378cm
in [Et^N] [FeCl^J ) but no bands due to Fe-S or S-Cl 
stretches were seen.
157Martin and White isolated a series of monohalogeno
bis (dithio carbamate) iron (III) complexes by treating benzene.
solutions of iron(III) dithiocarbamates with minimal
quantities of hydrohalic acid. The resulting monomeric
158solids are prone to hydrolysis. Nair and Yussuf
isolated identical products by reacting FeCl^ or FeBr^
and the appropriate benzoic dithiocarbamic anhydride. The
synthesis of Fe(S 2 CNEt2)2Br via oxidative addition to
. ' ' 159
Fe(S2 CNEt 2 ) 2  by bromine is known. X-ray crystal structure
studies ’^ 0  have shown that the stereochemistry of these
solids is somewhat rare, the halide ion situated at the
3
apex of a square pyramid, indicative of a dsp hybridized
Fe(III) ion. This is confirmed by the magnetic moment of 
159
3.9B.M. Complexes of composition Fe(S 2 CNR 2 ) 2  tfd and
Fe (S2 CNR2) 2  mnt (prepared by oxidative addition) have been 
described and their properties discussed.^41,161 ip^ey 
exhibit spin-isomerism.
Cobalt
162
Regenass et a l * stated that the reaction of aqueous 
NaS 2 CNEt2  with divalent cobalt resulted in the cobalt 
oxidizing to the trivalent state due to the water present. 
With rigorous exclusion of air oxidation is still said to 
occur Sheka and Kriss'*'^ have made a similar observation 
in respect of cobalt(II) xanthates, the formation of which 
is pH dependent. Analytically pure, but uncharacterized
- 132 -
samples of Co(S2 CNAm 2 > 2  and Co (S2 CNBz2) 2^ ^  were reported
in 1920. A cobalt(II) dithiocarbamate containing
132 128piperazine as the substituent is known. Bhatt et al.
claimed the magnetic susceptibility of Co(S2 CNEt 2 ) 2  to .be 
62,669 x 10 c.g.s.u. A green solid that analysed well
i a tr
for Co(S2 CNEt 2 ) 2  was prepared, but the chemical 
characteristics, e.g. unrealistically low magnetic moments, 
were virtually identical with those of Co(S 2 CNEt2)3 .
High-spin complexes Co(S2 CNEt2 ) 2  phen^^^'^^^ and Co(S 2 CNEt 2 ) 2
bipy are known. A cobalt(II) complex of composition
r , s i1 6 7Na[Co(S 2 CNEt2)3J has been reported but this appears to be
131 168a,b
in error. Contreras and Cortes have interpreted the
spectra and properties of several cobalt (II) thiurams in
terms of octahedral structures.
Cobalt(III) dithiocarbamates are diamagnetic, and
164 169
inert to substitution. Recent work by Golding et alf
on the cobalt(III) derivatives Co(S 2 CNR2 ) 3  where R = Et,
n i iPr , Bu , Bz and Pr showed them to resemble a d-or 1- D3
propellor configuration. A small degree of distortion
170
exists in the crystal structure of Co(S2 CNEt2)3, said
to be due largely to the constraint imposed by the rigidity
of the dithiocarbamate ligands and the bite angles involved.
171
The crystal structure of Co(S 2 CNH2)3, which contains
the unsubstituted ligand, has a significantly larger mean
o
Co-S distance than the diethyl-derivative (2.58A compared 
o
with 2.275A). No thorough account of the infra-red spectra 
of these complexes are available. The p.m.r. spectroscopy 
of some tris(dithiocarbamato) cobalt(III) complexes has
revealed the operation of the trigonal twist mechanism
17?
and a slow rotation about the C-N bond. “ Hendrickson 
173
and Martin showed that when Co(S 2 CNR 2 )3 . and Et2OBFg 
were allowed to react in benzene, green-brown dithio­
carbamates of the type [Co2  (S2 CNR2) 5 ] [BF^] where R 2  “ Me 2 ' 
C^Hg; Me, Bun and BZ 2  separated. They are dia­
magnetic dimers. Reports of complexes of the type 
[Co (S2 CNR 2 ) J[bf^] 174 ,175 were ma^e  ^ These materials are 
better formulated as the aforementioned dimers since the 
properties of the two species are virtually indistinguish- 
able. The compound [Co^j^CNMeBu JgJ^BPh^] is also known.
It is considered that Co (S2 CNEt 2 }>C14  contains the
2 — ' 
tetrahedral complex anion [CoCl J . , with a dipositive
95 176S~tetrathian ring. Brinkhoff has recently obtained
the blue-violet diamagnetic mixed chelate compounds
K2  [Co(bi) 2  (S2 CNEt2 )] .3H2 0, K[Co (bi) (S2 CNEt2) 2] and
[NBu^J [Co (bi) (S2 CNBu2) 2] t where bi = biuret. The mixed
xanthatedithiocarbamate complex Co(Etxan)(S 2 CNEt 2 ) 2  was
prepared by refluxing two moles of Co(S 2 CNEt2)g and
1 *7 (L 1/11
Co(Etxan)g. The cobalt(III) complexes Co(S 2 CNR 2 ) 2  tfd,
where R = Me and Et are low-spin. Some novel ethyl
177mercaptide bridged dimers have been prepared, namely 
Cc^CSEt) 2  (S2 CSEt)n (S2 CNEt2) 4__n ,where n = 1-3. A mononuclear 
complex Co (S2 CSEt) (S2 CNEt2 ) 2  was isolated by treating 
[Co(SEt) (S2 CSEt) 2 ” | 2  with diethylamine.
Nickel
As there is such extensive knowledge of-dithiocar- 
bamates of divalent copper, nickel and zinc only certain
mainly structural aspects have been summarized.
As normal coordinate analyses have been carried out
'178 179on nickel(II) dithiocarbamates, ' their infra-red
spectra aid infra-red band assignments for related dithio­
carbamate complexes. Single crystal X-ray diffraction 
data on the following compounds reveal essentially planar 
NiS^ centrosymmetric molecules.
1. Ni s 2 cnh 2 ) 2
2 . Ni S 2 CNHMe ) 2
3. Ni S2 CNEt 2 ) 2
4. Ni S 2 CNPr2)2
5. Ni S2 CNPr2 ) 2
6. Ni S2 CNPr 1 H ) 2
7. Ni S 2 CNBu 1 2 ) 2
8 . Ni S 2 CNMePh ) 2
9. Ni S2CNC4H8)2
mean NiS(A)
o
approx. 2 .2 0 A
Ref.
180
181
127
182
183
184a
184b
181
181
Points of interest: -
a) The first complex contains strong intermolecular 
hydrogen bonding and is non-centrosymmetric.
b) All the complexes have some degree of H-bonding, 
though this is more significant where H is directly bonded 
to N.
c) Ah example of a square planar cis-bis(dithiocarbamato)
nickel(II) complex is 6 .
H S S H
\  /  \  \  . /
N-C Ni C-N
/  \  \  \R N S R
d)lntramolecular hydrogen bonding is particularly apparent 
in 5.
C C
The,p.m.r. .spectra of Ni(S 2 CNR 2 )2 / where R = Et, Pr 1 1 ,Pr;3L, 
Bu^ and Bz ; have been studied.y  1
Copper
Copper(II) dithiocarbamates were first prepared by 
118
Delepine. They are acid-stable, chocolate-brown substances
widely used in chemical analysis. X-ray structural
116 ru 18 5
investigations shows that Cu(S2 CNEt 2 ) 2  an^ Cu(S 2 CNPr 2  ) 2
consist of lateral centrosymmetric dimers in which the
o
axial Cu-S bond distance is about 0.5A longer than the
18 6
basal distances. The longer bond is broken in solution
18 7and at elevated temperatures, whereupon the complex
adopts a planar, monomeric configuration. In the solid
117
state Cu(S 2 CNEt 2 ) 2  an<3. Zn(S2 CNEt 2 ) 2  are isomorphous 
but not strictly isostructural. Single crystal studies
on Cu(S 2 CNC^Hg) 2 / Cu(S 2 CNMePh) 2 / Cu(S 2 CNCgH^ 2 ) 2  s^ow
188almost planar monomeric structures. The stability
constants for disubstituted copper(II) dithiocarbamates
n n 1 8 9increase in the order Me. < Et. < Pr < Bu .
Electrochemical techniques have been employed to study
the reduction, at the mercury cathode, of a number of
78copper(II) dithiocarbamates in propylene carbonate.
The magnetic susceptibilities of Cu(S 2 CNR 2 ) 2  complexes 
are of the order for one unpaired electron.^8^
Zinc '
Of the zinc(II) dithiocarbamates it would appear that 
only Zn(S2 CNMe 2 ) 2  an(  ^ Zn(S2 CNEt 2 ) 2  ^ave ^ac^  single crystal
studies performed on them. The former is a four-coordinate
190
dimer with two bridging S2 CNM © 2  groups. The latter is a
117
five-coordinate dimer as mentioned earlier.
CHAPTER IV 
VANADIUM(III) DITHIOCARBAMATES
- 138 -
Introduction 1
It was hoped that the study of bis (dithiocarbamato)
metal (II) complexes could be extended to vanadium(II)
systems, which are apparently unknown. Moreover, from
8*7analytical and magnetic data, Patel seemed to have 
prepared the complex V(S 2 CNEt 2 ) 2  from aqueous ethanol 
by mixing together V B ^ .6 H 2 O and sodium diethyldithiocar- 
bamate in 1 : 2  molar ratios under strictly anaerobic 
conditions. However, he noticed that hydrogen sulphide 
(or possibly an organic sulphide) was evolved during 
the reaction and this suggested that some reduction of 
the ligand had occurred. The magnetic moment of 2.5 B.M. 
was well below the spin-only value of 3.87 B.M. expected 
for magnetically-dilute vanadium(II) compounds and even 
slightly below the moment required for high-spin 
vanadium(III) compounds (2.7 - 2.9 B.M.) so that it was 
uncertain whether oxidation or antiferromagnetism had 
produced the low value. Therefore it seemed necessary 
to re-investigate this reaction.
Experimental 1 
Preparation of Ligands
The alkali metal N,N-disubstituted dithiocarbamates
were prepared according to the method of Uhlin and 
91Akerstrom employing the general reaction:
RR'NH + CS 2  + MOH— *RR'NCS2M 
where R or R ’ = alkyl or aryl substituent 
MOH = alkali metal hydroxide # .
- 139 -
Carbon disulphide (0.12 mol.) dissolved in either
3
benzene or chloroform (25 cm ), and the appropriate
3metal hydroxide (0 . 1 2  mol.) dissolved in water ( 1 0  cm ) 
were mixed. Slow addition of the amine (0.12 mol.) 
produced an exothermic reaction so the mixture was 
cooled in ice-water. After stirring for two or three
3
hours, fine crystals began to separate. A few cm of
petroleum ether (80-100°) effectively hastened the
crystallization. The white, hygroscopic compounds
were filtered off, washed with petroleum ether and dried
in a desiccator, and recrystallized from ethanol if
necessary. The ligands prepared in this way contained
water of hydration and were usually used reasonably soon
97after their preparation because they decompose slowly 
thus:
2RR'NCS2M  > (RR'N^CS + M 2S + CS 2
The following dithiocarbamates were synthesized: 
NaS2 CNMe2, NaS 2 CNEt2, NaS 2 CNPr2, NaS 2 CNBu2 , NaS 2 CNC4Hg 
LiS2 CNEt2  and [H2 NEt2] [s2 CNEt2] .
They all contained some water of crystallization.
Attempts to prep are bis (d ie.t hy Id i thio car bamato) vanadium (II)
1. When aqueous ethanolic solutions of VBr 2 .6H20 were 
treated with the stoichiometric proportion of sodium 
diethyldithiocarbamate in ethanol immediate precipitation 
of yellow-brown solids occurred and hydrogen sulphide 
was liberated. The vanadium analyses were unsatisfactory.
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For example, the products from 80% ethanol gave the 
results below;-
Calculated for.VC1QH N 2 S4  : V, 17.5%.
Found : V, 22.8%.
2. Since it was thought that the presence of water could
cause oxidation and hydrolysis, a reaction was carried
30
out m  purified absolute ethanol. An ethanolic solution
3
of sodium diethyldithiocarbamate (3.2 g., 60cm ) was
slowly added to an ethanolic solution of VBr 2 -6 H 2 0  (2 .8 g., 
. 3
30 cm ) . . The dark brown solution obtained was thoroughly
shaken and allowed to stand for an hour. A brown solid 
separated slowly. It was filtered off, washed with 
ethanol and vacuum dried for four hours. The reaction 
vessel and the dry brown compound smelt of sulphide. The 
analyses approximated to bis (diethyldithiocarbamato) 
vanadium(II), and the product turned green after a few 
hours exposure to air.
Calculated for vci0H20N2S4 : C ' ^4.7 ; H, 5.8 ; N, 8.1%
Found : C, 33.1 ; H, 5.9 ; N, 7.3%
The room temperature effective magnetic moment of 
this complex (2.17 B.M.) was well below that expected for 
vanadium(II) compounds (3.87 B.M.).
33. A brown, acetone solution of VBr 2 .6H?0 (1.4 g., 30 cm .) 
was treated with a solution of sodium diethyldithiocar-
3
bamate in acetone (1.7 g., 30 cm ). Initially, the 
solution turned royal blue and then dark green almost at
-141 -
once. Within a minute or so a brown colour appeared and 
some ligand was thrown out of solution, apparently having 
not all reacted.
Since water of crystallization was present in the 
starting materials this was removed with triethylortho- 
formate.
34. A violet solution of VBr 2 .GH^O in ethanol (2.7 g.,25cm )
3
was mixed with triethylorthoformate (10 cm ). A rapid 
colour change from violet to turquoise took place. Sodium
diethyldithiocarbamate(3.5 g . ) in a mixture of ethanol
3 3
(25 cm ) and triethylorthoformate (10cm ) was added. A
deep red-brown precipitate formed. This was filtered off,
washed with ethanol and dried under continuous pumping
for several hours.
Calculated for VC-jqI^q^ S ^  : C, 34.7 ; H, 5.8 ; N, 8.1%, 
Found : C, 35.8 ; H, 6.2 ; N, 8.0% .
The experimental analytical figures were between 
those of the bis-chelate (above) and those of the tris- 
chelate:
Calculated for VC 1 5 H 3 0 N 3 S 6  : C, 36.3 ; H, 6.1 ; N, 8.5%.
5. When VB^-SI^O in an ethanol/triethylorthoformate 
medium was treated with diethylammonium diethyldithio­
carbamate in the same solvent no hydrogen sulphide could 
be smelt, but even using metal-to-ligand ratios of 1 :2 ., 
tris(diethyldithiocarbamato)vanadium (III) was formed (p.145).
6 . To ensure that completely anhydrous conditions were
- 142 -
established, diethylammonium diethyldithiocarbamate was
prepared under nitrogen. Freshly distilled diethylamine
(1.8g.) was added to ice-cold A.R. carbon disulphide in
3
ethanol (l.Og., 10cm ). A white slurry of the 
ammonium salt emerged and was subsequently treated with 
an ethanolic solution of V C ^  ^ EtOH (1.7 g., 15 cm^) .
Immediate precipitation of a dirty green solid occurred 
but this rapidly turned brown. The contents of the flask 
smelt of hydrogen sulphide, and were discarded.
7. Vanadium (II) is known to reduce thallium(I) sulphate
191
to thallium metal. Addition of an ethanolic solution
of VB^.SI^O to an ethanolic solution of thallium (I) 
diethyldithiocarbamate gave an anticipated mixture of a 
brown vanadium(III) complex and grey-white thallium metal. 
However, no hydrogen sulphide was evolved in this reaction 
and the brown solid was extremely air-sensitive. To the 
naked eye, the material appeared brown and homogeneous, 
but when sealed in tubes, the heat of the torch flame 
affected some of the solid and thallium metal was seen.
Introduction 2
Since no vanadium(III)dithiocarbamates had been 
reported when reaction :.5'0 was carried out investigation 
of the vanadium(III)system was begun.
Vanadium (III), with the electronic configuration [Ar]3d^, 
forms anionic, cationic and neutral complexes the majority 
of which possess octahedral structures, although some have
- 143 -
2five-coordinate or tetrahedral stereochemistry.
Very few compounds of vanadium (III) with sulphur-donor
ligands are known presumably due to the ease of oxidation
of many of them.
Adducts of vanadium (III) chloride with sulphur-
192donors have been described. Several dithiophbsphinates
of trivalent vanadium have been isolated and character-
107 193 194 19 5
ized. '9 ' ■ The chloride VCl^ reacts with KS 2 AsPh 2
in alcohol to give V(S 2 AsPh 2 )3 r the magnetic, infra-red
and electronic spectral properties of which have been
discussed. Two tris (dithiocarbamato)vanadium(III) com-
1 O
pounds, V (S2 CNMePh) g and V(S 2 CNBz 2 ) 3  .were reported 
during the course of the present work.
Experimental 2
Air-sensitive orange to orange-brown microcrystalline
complexes of the type V (8 2 0 ^ 2 )3 , where R = Et, Pr 1 1 and
Bu1  and chocolate-brown V(S 2 CNMe 2 )3 * were synthesized by 
the addition of the appropriate dialkylammonium dithio­
carbamate to vanadium(II) bromide hexahydrate (1:2 molar 
ratio ; this roughly gave a 50% yield of the tris-complex) 
using an ethanol/triethylorthoformate medium (1 :1 ) to 
remove the water of crystallization. No sulphide odour 
was detected during their syntheses. Why pure vanadium (III) 
compounds separated from solutions with a 1 : 2  molar ratio 
of vanadium to ligand is not clear. An approximately two­
fold excess of triethylorthoformate was used with R = Me
- 144 -
and Prn , a three-fold excess with R = Et and a slight 
deficiency with R = Bu1. It was qualitatively found 
that, as the size of the alkyl substituent became 
larger so the solubility of the complexes in ethanol 
increased.
1. Tris(N,N-dimethyldithiocarbamato)vanadium(III)
A solution of dimethylammonium dimethyldithio- 
carbamate (2.3 g.) ; in a mixture of equal parts of
3
ethanol and triethylorthoformate (30cm ) was added to
VBr 2 - (2 .2 g. )) in the same solvent (20 cm^) . A
dark brown solid precipitated immediately. It was 
filtered off, washed with ethanol and dried in vacuo 
for eight hours. After several hours exposure to air 
the solid turned green.
Calculated for VC9HigN3S6 : V ' 1 2 , 4  ; c ' 26.'3 ;
H, 4.4 ? N, 10.2% #
Found : V, 12/2 ; C, 27.0 ;H, 4.6 ; N, 9.5%.
Because the carbon analysis was ratherhigTi a second 
preparation was carried out but the subsequent analysis 
was worse.
Found : C, 27.3 ; H, 5.0 ; N, 8.4%.
Moreover, v/hen some of this complex was exposed to air, 
it ignited at once. Both samples of V(S 2 CNMe 2 ) 3  had 
unpleasant odours.
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2 . Tris (N, N-diethy IdithiocarbamatO) vanadium (III)
A pale blue solution of VBi^.eE^O (2 .4 g. ) in an
3ethanol/triethylorthoformate medium (1:1,40 cm ) was
treated with diethylammonium diethyldithiocarbamate
- 3dissolved in absolute ethanol -(40 cm ) . A bright
orange solid separated immediately. After vigorous
shaking for five minutes, the solid was filtered off,
washed with ethanol and vacuum dried for eight hours.
The odourless dry complex turned brown and then green
on exposure to air.
Calculated for VC]_5H3oN3^6 : V, 10.3 ; C, 36.3 ?
H, 6.1 ? N, 8.5% 4
Pound : V, 10.2 ; C, 36.5 ; H, 6.2 ; N, 8.3%.
3. Tr is(N,N-di-n-propyldithiOcarbamatO)Vanadium (TIT)
3
A solution of VB^.GH^O (2.8 g. ) in ethanol (lOcm )
3
and triethylorthoformate (1 0 cm ) was treated with
di-n-propylammonium di-n-propyldithiocarbamate (4.9 g . )
■ 3dissolved in the same solvent (20 cm). Fine orange- 
brown crystals separated quickly. They were filtered 
off, washed with ethanol and vacuum dried for seven 
hours. The odourless dry solid was orange-brown and 
darkened on exposure to air.
Calculated for V(^ 21H42N3S6 : V, 8 . 8  ; C, 43.5 ;
H, 7.3 ; N, 7.3%.
Found : V, 8.7 ? C, 43.5 ; H, 7.5 ? N, 7.0%.
4 . Tris(N,N-di-isobutyldithiocarbamato)vanadium(III)
A solution of di-isobutylammonium di-isobutyl-
dithiocarbamate (4.6 g. ) in an ethanol/triethylortho-
3
formate medium (1 :1 , 2 0 cm ) was added to a solution
3
of VB^^ELjO in ethanol (2.0g., 25 cm ). The resulting 
yellow-brown solution was concentrated to 80% of its 
original volume whereupon a mixture of brown and yellow 
crystals were deposited. After filtration, washing 
with ice-cold ethanol and drying under vacuum for four 
hours the solid was homogeneous, consisting entirely of 
dark orange-brown crystals. The odourless dry solid 
gradually turned green on exposure to air.
Calculated for VC 2 7 H 5 4 N 3 S6  : V, 7.7 ; C, 48.8 ;
H, 8.20 ; N, 6 .3%.
Found : V, 7.7 ; C, 48.7 ; H, 8.4 ; N, 6.2%,
Discussion of Results 
Magnetism
The magnetic results are given in Tables 24 and 2 5
and Figures 31 and 32*
The magnetic moments of the tervalent vanadium
complexes at room temperature are slightly below the spin-
oonly value (2.83 B.M.) for the 3d configuration. As
expected for vanadium(III) compounds the moments fall
with temperature. Due to the influence of spin-orbit
coupling, octahedral vanadium(III) compounds often have
196
moments of about 2.7 B.M. at 3 0 0 a .  The susceptibilities 
follow a Curie-Weiss law over the temperature range
- 147 -
TABLE 24
Compound T (°K) 1 C)6 XA 1 0 ""2 Xa " " 1  ^ e ^ * 1
V(S 2 CNMe 2 ) 3  295.7 2,835 3.527 2.60
262.9 3,091 3.285 2.55
231.0 3,524 2.838 2.55
198.5 4,016 2.490 2.53
166.6 4,643 2.154 2.49
135.3 5,525 1.110 2.44
103.4 6,869 1.456 2.38
89.5 7,838 1.276 2.37
0 = 25°
_ 6
Diamagnetic correction = -213 x 10 e.g.s.
V(S 2 CNEt 2 ) 3  295.0 3,244 3.082 2.78
262.5 3,581 2.792 2.74
230.3 4,103 2.437 2.75
198.3 4,721 2.118 2.74
166.3 5,536 1.806 2.71
135.1 6,719 1.488 2.69.
103.0 8,630 1.159 2.67
89.0 9,828 1.017 2.65
e = 18°
Diamagnetic correction = -285 x 10  ^ e.g.s.
units.
units.
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• TABLE 25
Compound T(°K) 1 o^Xa 1 0  2 Xa 1  u (B.M.)
A  A  S
295.2 3,222 3.104 2.76
262.6 3,533 2.830 2.72
230.8 3,977 2.514 2.70
198.5 4,483 2.231 2.67
166.6 5,094 1.963 2.61
135.0 5,969 1.675 2.54
103.0 7,407 1.350 2.47
89.0 8,349 1.198 2.45
0  = 46°
“ 6Diamagnetic correction = -407 x 10 c.g.s units.
V(S 2 CNBU2 ) 3  295.3 3,215 3.110 2.76
262.5 3,459 2.891 2.69
230.3 3,878 2.579 2.67
198.6 4,325 2.312 2.62
166.5 4,974 2.008 2.57
134.9 5,712 1.751 2.48
104.0 6,902 1.449 2.40
90.3 7,748 1.291 2.36
Diamagnetic correction = -435 x 10  ^ c.g.s. units.
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Figure 32
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300-90°K, with appreciable 0 values. Large 0 values do 
not necessarily have their origin in antiferromagnetic 
exchange interactions and the tris(dithiocarbamato)- 
vanadium(III) complexes would be expected to be magnet­
ically- dilute. Therefore, the 0 values are assumed to 
arise from a variation of magnetic moments with temperature 
due to a combination of spin-orbit coupling, distortion 
and delocalization effects. Calculated and experimental
fiQ ]Q7 IQfl
data ' ' for a number of vanadium(III) complexes
show that temperature variations of the type reported 
here are to be expected for vanadium(III) compounds.
The compound V(S 2 CNEt2 )3 (0 = 18°) has an effective 
magnetic moment of 2.78 B.M. at room temperature which 
decreases to 2.65 B.M. at liquid nitrogen temperature.
The complexes V (S2 CNPr2n ) ^  (0 = 4 6 °) and V (S2 CNBu 2 ) 3  
( 0 =  54°) both have room temperature moments of 2.76 B.M./’ 
nearly identical to that of the ethyl-substituted complex 
although their moments were distinctly lower at 90°K 
(2.45 and 2.36 B.M. respectively).
The room temperature magnetic moment of 2.60 B.M. for 
V(S 2 CNMe2 ) ^ ( 8  = 25°) is appreciably lower than the spin- 
only value. From other evidence is seems possible that 
this compound has undergone some decomposition (p.153).
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Reflectance Spectra
2 3The 3d configuration gives rise to a F ground
3 3 3
term and an excited P term, the F- P energy separation
(Figure 33) being 15B. In octahedral ligand fields,
3 2
the F term of a 3d vanadium(III) complex splits into
3 3
three components, orbitally degenerate T^g (F) and T2g
3 3
triplets and a non-degenerate singlet A2g* T^e F ^erm
3
transforms as T^g (P), which is involved in configuration
3
interaction with the Tpg(F) term. Therefore, the energies
of the electronic transitions can be described in terms of
the parameters 10 Dq and B^ Spin-orbit coupling has been
neglected. Octahedral vanadium(III) compounds show two
3 3
spin allowed d-d bands due to T^g (F) T2g ^  an(3
3 3
Tlg ^ ' _5s‘Tl g ^  ' hereafter denoted, and v2 respectively.
3 3
A third transition, namely T^g (F) -a A2g^v3^
frequently weak and masked by charge-transfer absorption
and/or internal ligand transitions. Values of 10 Dq and B^
can be estimated from the experimental band energies of
and v2 and used to calculate from the energies of
199
the transitions as given = by Griffiths:
3Tig (F)— >  3T2g (Vi) = 5Dq - 7.5b'+ 0.5 (100 Dq2 + lSODq.B^ 225B2)^
3Tlg(F)— > 3Tig(P) (v2) = (100 Dq2 + 180 Dq. b' + 225B2)^
3Tlg(F) ”~> 3A2g(F) (v3J = 15 Dq - 7.5b'+ 0.5(100Dq2 + 180 Dq. b' + 225b'
10 Dq . = 2 (v^  “ 0.5 v2) + 15 & .
The spectral data for the tris(dithiocarbamato) 
vanadium (III) compounds are summarized in Tables 26 and 27
and Figure 34 . The band assignments and spectral
parameters are listed in- Table 27. The electronic spectra 
of these compounds show the two expected transitions 
and Vp in the region 13.7 to 19.5 kK. For the hexa-
r i3+29hydrate-ion, V (E^O) J v-^  and V 2  are found at 17.25 and
25.0 kK respectively, though for numerous octahedral
vanadium(III) compounds, the range in which these
transitions occur extends from 13.0 to 30 k'K.^  For regular
octahedral systems, these bands are symmetrical. In the
room temperature spectra of the compounds V( 8 2 0 ^ 2 )3 /
where R = Et, Pr1 1 and Bu1, the v-^  absorptions are virtually
symmetrical, whilst the V 2  bands, if apparent at all, appear
as shoulders on high intensity charge-transfer absorptions.
The V 2  bands are better resolved at low temperature, when
all the transitions observed in each spectrum, diminish in
3
intensity. The two electron transition, Tig(F) --->
3
A 2 g (v3 >, tk°u 9 k forbidden, has occasionally been detected
in the solid state and solution spectra of other vanadium(III) 
194,200,201
complexes. In the dithiocarbamate complexes
under discussion it is possible that the calculated values 
of 29.0 and 29.1 kK, where R = Pr 1 1 and Bu 1  respectively, 
correspond to the shoulders at 30.0 kK-in the room 
temperature spectra of both compounds. The Vi band for 
V(S 2 CNMe 2 ) 3  (14.4 kK) differs from that of the other 
substituted complexes, in that it is a shoulder. Also, 
the V 2  band .remains as a shoulder even at liquid nitrogen 
temperature. The objectionable smell, comparatively poor 
analyses, low magnetic moment and weak d-d reflectance 
bands suggest that some slight decomposition of V(S 2 CNMe 2 ) 3
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had occurred during its preparation. It is notev7orthy
194that in a series of vanadium(III) dithiophosphinates 
only the dimethyl-derivative was difficult to prepare 
pure.
As expected, the 10 Dq values for the V(S 2 CNR 2 ) 3
complexes are much lower than the value for
29
(10 Dq = 18.5 kK). The electronic spectral parameters 
and magnetic properties of these compounds are very 
similar to those of vanadium (III) dithiophosphinates.
Hence stereochemistry and the degree of covalency in the 
dithiocarbamates and dithiophosphinates of trivalent 
vanadium are much the same.
X-Ray Powder Patterns
Isomorphic relationships can be seen in the markedly 
similar d-values for M(S 2 CNEt2 ) 2  (Table 28) where 
M = V (III), Fe (III) and Cr(III). Full X-ray
15"
crystallographic analysis has revealed that Fe(S 2 CNEt 2 ) 3  
contains the metal atom in a slightly distorted octahedron 
with metal-to-sulphur coordination (Figure 35)(I) and no 
metal-to-nitrogen bond (Figure 35) (II). Therefore, from the 
isomorphism, the chromium(III) and vanadium(III) analogues 
have similar stereochemistries.
The d-values for the ¥( 8 2 0 ^ 2 )3 , where R = Me, Pr1 1  
and Bu 1  are shown in Table 29. They do not resemble those, 
of the cobalt(III) derivatives (Chapter VI, Tables 52 and 
53) and so must have somewhat different stereochemistries.
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Possible modes of coordination of N,N’-disubstituted 
dithiocarbamates in tris-chelates.
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Conclusion
Vanadium(II)-bis chelates could not be isolated in 
the conditions tried. Oxidation of the vanadium(II) ion 
and liberation of hydrogen sulphide in the presence of 
aqueous ethanolic dithiocarbamate could be caused by the 
water present, but the specific mode of action cannot be 
ascertained until a complete product analysis has been 
carried out.
The materials V(S 2 CNMe2) 2,. V(S 2 CNEt2) 2  and 
V(S 2 CNBz2)2 isolated by Patel from VBr 2 *6H20 are better 
envisaged as impure vanadium(III) tris-chelates.
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CHAPTER V
A MANGANESE(II) DITHIOCARBAMATES.
B MANGANESE(II) DICYCLOHEXYLXANTHATES
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A Manganese (II) Dithiocarbamates 
Introduction
Until recently, manganese(II) compounds of dithio- 
coordinating ligands including R 2 NCS 2  were virtually 
unheard of, perhaps due to their instability towards 
oxygen. The few known complexes are restricted to: 
a) pseudo-tetrahedral dithiophosphinates Mn (S2 PX 2 ) 2  
where X = CF 3 ' Me or ; b) some manganese^II) xanthates 
and their base adducts (p. 124) 131
c) pseudo-octahedral manganese(II) dimethyldithio-
203
cacodylate Mn (S2 AsMe 2 ) 2  r anc  ^ pseudo-tetrahedral
bis(tetraphenyldithioimidodiphosphinato)manganese(II)
204
M n(SPPh2NPPh2S)2-
Most manganese(II) compounds are high-spin octahedral
or tetrahedral (S = ^), a few low-spin octahedral (S
3
and, in principle, square planar complexes with S - ^ 
or S = ^ could exist. Magnetic moment measurements can 
help to distinguish between these geometries.
1
) ,
4tr
Octahedral 
L. S. , 1 u.e.
Octahedral
H.S., 5 u.e.
+ tr
Tff-
Mr
Square Planar 
3 u.e. 1 u.e.
u = 1.73 B.M. ^s. o y = 5.92 B.M. s. o . ^ = 4.0 B.M. ^s. o y = 1.73 B.M Hs. o
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1 2  6However, the report that Mn(S 2 CNEt2 ) 2  contained
3manganese (II) in a spin-quartet (S = r^) ground state
with a planar configuration was unusual in that only
one other manganese(II) compound with square planar
stereochemistry is known, Mn(II)phthalocyanine (ye = 4.34 B.
at 295°K), in which the planar configuration is forced 
205by the ligand. Conflicting structural evidence based 
on X-ray powder data (see p. 124) and the alleged 
existence of a spin-quartet state prompted the 
investigations into Mn(S 2 CNEt 2 ) 2  an^ related complexes.
Exp erimen ta1
To prepare the manganese(II) dithiocarbamates, 
manganese(II) acetate tetrahydrate and the sodium 
dithiocarbamate (1 : 2  molar ratio) were separately 
dissolved in 50% aqueous ethanol and the solutions . 
de-gassed. The ligand solution was then slowly added 
to the metal solution under nitrogen. The yellow 
precipitate, which formed immediately, was filtered 
off, washed with 50% ethanol and then absolute ethanol, 
and dried by pumping for several hours. These 
compounds were extremely air-sensitive and had to be 
prepared and handled in purified nitrogen or under
-  1 6 6  -
vacuum, using deoxygenated solvents.
The preparations of nickel (II), copper (II) and zinc(II) 
dithiocarbamates were carried out as follows:
Bis(diethyldithiocarbamato)nickel(II) was obtained 
as a lime green precipitate when solutions of nickel(II) 
chloride hexahydrate and sodium diethyldithiocarbamate 
(1:2 molar ratio) in 50% ethanol were mixed. The 
copper(II) and zinc (II) compounds were obtained from the 
sulphates by similar procedures. In each preparation the 
products were washed many times with warm water, followed 
by absolute ethanol, and dried.
1. Bis(N, N-dimethyldithiocarbamato)manganese(II)
This pale yellow compound was prepared by adding a
solution of sodium dimethyldithiocarbamate in 75% ethanol 
3(4.0 g., 50 cm ) to a solution of manganese (II) chloride in
375% ethanol (2. 0 g. , 50 cm ) . A yellow solid separated 
immediately. This was filtered off, washed with 96% 
ethanol, and then dried by pumping on it for eight hours.
The dry solid was air-stable for several days.
Calculated for MnC 6 H 1 2 N 2 S4  : Mn, 18.6 ? C, 24.2 ; H, 4.1 ?N, 9.5%. 
Found: Mn, 18.8 ; C, 24.2 ; H.4.1 ; N, 9.0%.
2. Bis(N,N-diethyldithiocarbamato)manganese(II)
A solution of sodium diethyldithiocarbamate in 50%
3
ethanol (5.2 g., 50 cm ) was added to a solution of
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3manganese(II) acetate in 50% ethanol (2.8 g., 30cm ). A 
pale yellow solid separated immediately. This was 
filtered off, washed first with 50% ethanol, then with 
absolute ethanol and vacuum dried for four hours. The 
dry solid was pale yellow and turned brown almost 
instantly on exposure to air.
Calculated for M n C ^ f t ^ ^ S ^  : Mn, 15.6 ; C, 34.2 ;
H, 5.7 ; N, 8.0%.
Found : Mn, 16.3 ; C, 34.2 ; H, 5.8 ; N, 7.9% .
Analysis of the oxidation product suggested that a 
hydroxy-manganese (III) species was formed when moist 
Mn (S2 CNEt 2 j 2  was exposed to air. Furthermore, an 
absorption band at 3450 cm was found in the infra-red 
spectrum of the oxidised material.
Calculated for MnC^Q^jft^S^O : Mn, 14.9 ; C, 32.6 ; H. 5.7 ? 7. 6 %. 
Found : Mn, 14.9 ; C, 32.7 ; H, 5.7 ; N. 7.6% .
3. Bis(N,N-di-n-propyldithiocarbamato)manganese(XI)
A solution of the sodium salt of di-n-propyldithio-
3
carbamic acid in 50% methanol (7.9 g., 40 cm ) was added 
slowly with shaking to a solution of manganese(II)
3
acetate in ethanol (4.0g.,30cm ). The yellow solid 
that separated immediately was filtered off, washed 
with absolute ethanol and vacuum dried for four hours. 
Calculated for M n C ^ H ^ I ^ S ^  : Mn,13.5 ; C, 41.2 ; H, 6.9 ; 
N, 6.9%. .
Found: Mn, 13.4 ; C, 41.3 ; H, 7.2 ; N, 6 .6 %.
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4 . Bis (N, N-di-isobutyldithiocarbainato)manganese (II)
3
Manganese (II) acetate (3.4 g., 30cm ) and sodium
3di-isobutyldithiocarbamate (7.8 g., 50 cm ) were separately 
dissolved in 50% ethanol. The solution of the ligand 
was added to the metal solution. A pale yellow pre­
cipitate formed and was filtered off immediately. The 
solid was washed with absolute ethanol and dried under 
vacuum by pumping on it for five hours.
Calculated for MnC^gH^g^S^ : Mn, 11.9 ; C, 46.6 ;
H, 7.8 ; N, 6.0%.
Found : Mn, 11.8 ; C, 46.7 ; H, 7.8 ; N, 5.8%.
5. Bis(N,N-pyrrolidyldithiocarbamato)manganese (II)
To a cold solution of sodium pyrrolidyldithiocarbamate
3
in 50% ethanol (4.0g., 50cm ) manganese (II) acetate in
3
50% ethanol (2.2 g., 30 cm ) was added with shaking.
Instantly a yellow precipitate formed. It was filtered 
off, washed with 50% ethanol and vacuum dried for seven 
hours.
Calculated for MnCyQH]_6N2^4 : 15.8 ; C, 34.6 ; H, 4.7 ;
N, 8 .0 %.
Found: Mn, 16.0 ; C, 34.9 ; H, 4.9 ; N. 7.4%.
"Mn (dithiocarbamate)Cl" Complexes :
Complexes of the apparent formula Mn(dithiocarbamate)Cl 
were isolated, and it was later realised (p.198 ) that they 
were actually mixtures of the bis-chelate and sodium 
chloride.
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6 . To a cold solution of manganese(II) chloride in
396% ethanol (5.5 g., 75 cm ) a solution of sodium
3
diethyldithiocarbamate in 96% ethanol (9.8 g., 60 cm ) 
was added. After a minute of vigorous shaking the 
initially pale brown solution deposited a yellow-green, 
solid. This was filtered off, washed with 96% ethanol 
and dried in vacuo for five hours. The dry solid was 
pale yellow.
Calculated for MnCioH20N2^4 * 2NaCl : C, 25.2 ; H. 4.2 ;
N,. 5.9%.
Found: C, 24.9 ; H, 4.3 ; N, 5.8%.
7 . A solution of sodium pyrroli;dyldithiocarbamate in
3
absolute ethanol (3.8 g., 55 cm ) was added slowly and
with continuous shaking to a solution of manganese (II)
3chloride in absolute ethanol (3.0 g., 35 cm ) . The
whitish-yellow compound was very difficult to filter
so only a small proportion was filtered off, .washed with
absolute ethanol and dried under vacuum for six hours.
Calculated for MnC,_H, rN _ S .2NaCl : Mn, 23.2 ; C, 25.4 ;10 16 2 4
H, 3.4 ; N, 5.9%.
Found : Mn, 16.2 ; C, 24.2 ; H, 3.5 ; N, 5.6%,
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Discussion of Results 
Magnetism
Manganese (II), with the electronic configuration [Ar]
5 3 ^  63d (t~ e ), has a free-*ion ground term S which is
2 g g
not split by crystal fields irrespective of the 
symmetry of the complex in which the metal ion occurs, 
but gives rise to a term (Figure 36 ) in an
octahedral environment. Being an orbital singlet, the 
ground term has no orbital angular momentum or magnetic 
moment associated with it. Since there are no higher 
energy excited terms possessing the same mutiplicity 
as the ground term, second order mixing due to spin-orbit 
coupling cannot arise, nor can any second order Zeeman 
effects occur. Hence, the magnetic behaviour for 
manganese (II) complexes results only from the spin 
contribution and is described by the spin-only formula
y = [4S(S + 1)]^B.M. = 5.92 B.M. for S = j
Therefore, in the absence of antiferromagnetism, 
the experimental magnetic moments should closely approach 
the spin-only value and be invariant with temperature. The 
magnetic moments of the manganese (II) dithiocarbamates 
varied considerably with temperature (see later), and since 
this can only be due to antiferromagnetism, a brief 
account of this phenomenon in relation to manganese (II) 
is appropriate at this juncture.
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The atomic susceptibility xA °f a transition metal
ion with an A or E ground term (and hence no first order
orbital contribution) in a binuclear complex can be
expressed as a function of temperature by Kambe's 
206
equation. Since the magnitude of the temperature-
independent contribution to the susceptibility, Net, is 
very much smaller than this factor can be neglected.
For spin-free manganese(II) systems the original equation 
given by Kambe reduces for five unpaired electrons to
X A  =  3 K
T
where x = exp (J/kT)
J = the exchange integral
— *? £
k = Boltzmann constant = 1.380 x 10 erg degree
23 -1
N = Avogadro number =6.23 x 10 mole
K = g 2 Ng 2  = g 2  x 6.23 x IQ 2 3  x (0.9270 x 10~ 2  ° ) 2  = 0.1251 
3k 3 x 1.380 x 10" 1 6
where g = spectroscopic splitting factor
-20 -13 = Bohr magneton = 0.9270 x 10 erg gauss
The ratio J/kT is dimensionless provided that J is 
measured in cm ^ and K = 0.6950 cm ^ degree ^ . By 
incorporating the Boltzmann constant k in J, the latter 
is expressed in "degrees" such that 1  degree = 0.6950cm "**.
By calculating values of J and g on the basis, of, 
say, a binuclear model the observed antiferromagnetic 
behaviour of a given manganese(II) compound may be 
successfully replicated. But caution must be exercised
CC . OA 1 0  , , , 1855 + 30 x + 14 x + 5x 24 + x 28 + Na
11 + 9 x 1 0 + 7 x18 ^ c 24 . , - 28 , 30+ 5 x +3x ■ . + x
- 173 -
in then asserting' that the given compound definitely 
has a binuclear structure, since magnetic data are 
not particularly sensitive to chain length and the
207compound may well be a polymer as opposed to a dimer.
The results of magnetic susceptibility measure­
ments for the manganese(II) dithiocarbamates are' given 
in Tables 30-33 and Figures 37-39 - Calculated and 
observed magnetic data agree closely if the antiferro­
magnetic exchange is assumed to originate from a 
dimeric sulphur-bridged structure.
For iron (II) dithiocarbamates, an experimental
criterion for the existence of dimers is the emergence
/ 1
of Neel points (p.127 ) in plots of /x^vs. T, whereas
o A
polymeric materials obey the Curie-Weiss law.
If this applies to the complexes, Mn(S 2 CNR 2 ) 2 ' R = 
iEt, Bu and %C^Hg, they are infinite chain polymers 
(Curie-Weiss lav/ behaviour), and when R = Pr11, the 
compound is binuclear (Neel point at 140°K). It is 
significant that the n-propyl substituent confers 
comparatively low magnetic moments o h  the manganese (II) 
ion, especially in the liquid nitrogen temperature 
range (y^ = 4.86 B.M. at 295.3°K ; 2.86 B.M. at 89.8°K), 
whilst the magnitude of antiferromagnetic interaction 
is substantially smaller in the other manganese (II) 
dithiocarbamates.
126
Anand and Lahiry asserted the the magnetic 
moment of Mn(S 2 CNEt 2 ) 2  V7as 4.1 and 3.8 B.M. at 298.5 
and 98.5°K respectively. These results are shown to
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TABLE 30
Compound
Mn (S2 CNMe 2 ) 2
T (°K) 1 0 6Xa l n - 2  - 1  
1 0
Ve (B
295.6 13,182 0.759 5.58
262.8 14,750 0.680 5.57
oon clvy • w 16,759 0.597 5.56
198.0 19,207 0.521 5.51
180.0 21,105 0.474 5. 51
167.0 22,481 0.445 5.48
136.0 26,910 0.372 5.41
120.5 29,744 0.336 5.35
103.8 33,375 0.299 5.26
87.5 37,392 0.257 5.11
= 17°
_ 6
Diamagnetic correction = -140 x 10 e.g.s. units
295.8 13,336 0.750 ' 5.62
264.0 14,676 0.681 5. 60
230.0 16,580 0.603 5.52
198.0 18,929 0.528 5.47
166.5 22,133 0.452 5.43
135.3 26,231 0.381 5.32
104.0 32,717 0.305 5.21
8 8 . 0 36,697 0.272 5.07
= 28°
— g
Diamagnetic correction = -190 x 10 e.g.s. units
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TABLE 31
Compound T (°K) 1° 6 XA 1 rC2 ” 11 0  xA ye (B.M.)
Mn(S 2 CNEt2 )2OH 293.0 9,269 1.078 4.66
260.0 1 0 , 1 1 1 0.989 4.58
230.3 11,187 0.890 4.54.
198.0 12,351 0.810 4.41
166.5 13,998 0.714
i—
1
cn*<3*
135.8 16,053 0.623 4.17
104.0 19,519 0.512 4.03
87.5 21,844 0.458 3.90
6  = 6 6 °
Diamagnetic correction = -198 x 10~ 6 e.g.s. units
n, 295.3 10,030 0.997 4.86
262.6 10,620 0.942 4 .72
230.3 10,980 0.911 4.50
198.5 11,658 0.858 4.30
166.3 11,897 0.841 3.98
135.3 12,028 0.831 3.60
103.5 11,807 0.846 3.13
89.8 11,400 0.877 2 . 8 6
Diamagnetic correction - -238 x 10  ^ e.g.s. units
Compound
Mn
T(°K)
TABLE 32
1 q 6 xa in“ 2  - 1
1 0  XA V B
295.3 12,660 0. 790 5.47
262.0 14,200 0.704 5.46
230.3 16,040 0.623 5.43
198.3 18,300 0.546 5.37
166.3 2 1 , 0 8 0 0.474 5.27
135.1 24,970 0.400 5.19
103.5 30,460 0.328 5.02
89.9 34,080 0.293 4.95
= 32°
~ * 6Diamagnetic correction = -290 x 10 c.g.s
295.5 13,100 0.763
262.5 14,410 0.694
230.6 16,150 0.619
198.0 18,980 0.527
16 6 .5 22,570 0.443
135.0 26,710 0.374
104.0 33,750 0.296
87.5 38,160 0.262
5.56 
5.50 
5.46
5.48
5.48 
5.37. 
5.30 
5.17
= 15°
~ 6Diamagnetic correction = -176 x 10 c.g.s
units:
units
TABLE 33
Compound
Mn(S2 CNMe2 ) 2  
(g = 1.99, J =
Mn(S2 CNEt.2 ) 2  
(3 = 1.93, J =
Mn(S2CNPr2n) 
(g■ = 2.06, J
X'ii(S2 CNBu21). 
(g = 1.93, J
Hn(S2 CNC4 Hg} 
(g = 1.92, J
Experimental and Calculated Magnetic Behaviour
T(°K) Calculated Found Calculated Found
XA*"1
.278.6 70.1
-3.90 cm 1) 260.0 65.8
130.0 36.5
78.0 25.1
273.3 70.3
-4.10 cm"*1) 136.7 38.7
82.0 26.3
2 281.4 97.9
= -19.7 cm"1) 246.3 92.3
218.9 88.4
197.0 85.5
179.1 84.2
151.5 81.1
123.1 79.5
98.5 84.8
, 278.6’' 74.8
=-3,90 cm*"1) 260.0 69.7
. 130.0 38.5
97.5 31.0
73.0 26.6
260.0 68.3
=-2.60 cm*"1) 173.3 47.0 .
130-0 36.4
86.7 26.0
X -1 p (B.M.)‘ U„(B.
A • . . - e
71.1 ' 5.64 ' 5.58
66.8 .5.62 5.55
35.9 5.34 5.37
25.0 4.99 4.99
70.1 5.58 - 5.58
38.4 5.32 5.33
25.7 5.00 4.98
97-0 4.80 4.81
91.8 4.62 4.62
88.0 4.45 4.44
85.0 4.29 4.26
83.5 4.12: 4.12
83.0 3.87 3.83
82.9 ' 3.52 3.46
84.5 3.05 3.01
74.6 5.46 .5.46
69.8 5.46 5.46
33.9 5.20 5.17
31.0 5.02 4.99
26.6 4.84 4.84
68.3 5.52 5.50
47.0 5.43 5.41
36.2 5.34 5.33
25.9 5.17 5.15
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be erroneous by comparison with magnetic data for pure 
Mn(S 2 CNEt2 ) 2  (Table 30). They also reported that the
moment of Mn(S 2 CNEt2 ) 3  was 4.4 B.M. at 298.5°K and
108 g 2 2
3.64 B.M. at 97.0% whereas other workers ' have
obtained temperature-independent values of approximately
4.9B.M. for this and similar manganese(III) compounds.
133The oxidation product, tentatively formulated as 
Mn(S 2 CNEt2 )2 0h (© = 6 6 °), has room temperature and low 
temperature moments of 4.66 and 3.90 B.M. respectively . 
The infra-red spectrum published by Anand and Lahiry does 
not correspond to the spectrum of Mn(S 2 CNEt2 )^ * 
Mn(S 2 CNEt2 )g or the oxidation product Mn(S 2 CNEt 2 )2 0H• 
They were apparently unaware of the air-sensitive nature
of Mn(S 2 CNEt2)2 *
Reflectance Spectra
Figure 36 illustrates the Orgel diagram for the 
manganese(II) ion which has been used to interpret the 
electronic spectrum of the [Mn(t^O) g] ion.^*^ This 
type of diagram is of limited use in that it does not 
furnish information on bands involving a charge-transfer 
process. Clearly, the energy of the orbitally non­
degenerate A^j_g 9 roun(  ^ state is independent of the ligand
field strength 10 Dq. The high-spin octahedral compound
203
Mn(S 2 AsMe ^ , ) 2  has a 10 Dq value roughly equal to 7.0kK.
Its room temperature reflectance spectrum shows a series 
of well formed ascending shoulders and bands located at
about 16.5, 19.0 and 21.5 kK. These are assigned to the
6 _ 4_ 6 , 4 6
transitions A ^  lg ' lg--- ^  2 g a lg---- ^
4 4E , respectively. Transitions to higher energy
components are also observable in this compound. By com­
parison, the manganese(II) dithiocarbamates have poorly 
defined reflectance spectra (Tables 34 and 35 ; Figures 
40-44} in this range, though the reasonably defined
shoulders at about 15.0 to 16.5 kK can be assigned with
6  4some conviction to the A^  T^ transition (this
band is seen at 14.3 kK for Mn(S 2 CNEt 2 )2 ^ipy and
131Mn(S 2 CNEt 2 )2 Phen). The locations of transitions to
other components are partly or wholly obscured in the 
tail of internal ligand or charge-transfer bands
and consist of ill-defined shoulders.
Estimates of 10 Dq can be made by measuring
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Figure 4 . 0  
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Figure 41 
Reflectance Spectra
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Figure 42
Reflectance Spectra
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Figure 43
Reflectance Spectra
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Figure 44
Reflectance Spectra
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4 4the observed energy gap between the T-^ and T2- 
components (from the reflectance spectrum) on the 
Orgel diagram. This procedure is unsatisfactory be­
cause the large divergence of the values for the 
different disubstituted dithiocarbamates reflects 
the considerable errors in assessing the precise 
location of v-^  and v 2  in the reflectance spectra. In 
the case of Mn(S 2 CNEt2)2, taking v ^ and v 2  to be 
16.5 kK and 19.0 kK respectively (Table 35) an approx­
imate lODg value of 7.5 kK is obtained. As seen in
119
the spectrochemical series, when bound in octahedral 
environments, the dithiocarbamate-anion is expected to 
have a slightly larger lODg value than F . That the lODg 
value of Mn(S 2 CNEt 2 ) 2  is so close to that of MnF 2  
(lODg — 7.8 k.K)2°^and Mn (S-^AsMe^ (lODq ^ 7.0kK )2 ? 3  is an 
illustration Of its correct order of magnitude. However, 
the manganese(II) dithiocarbamates have well resolved 
shoulders at about 16.0 kK (v^) and poorly defined 
shoulders (probably v2) at about 19.0 kK (for which the 
centres of gravity are not clear) and estimates of lODg 
can fluctuate guite drastically depending on the wave- 
number chosen to correspond to this transition. Ideally, 
at least two well resolved bands would allow meaningful 
estimates of lODg. Unfortunately this was not the case 
for the manganese(II) dithiocarbamates.
The high intensity bands in the ultra-violet are of 
no diagnostic value for the manganese(II) complexes for
- 191 -
they originate mainly from internal ligand transitions.
This was confirmed by taking the reflectance spectra 
of analogous zinc(II) dithiocarbamates (zinc(II) contains 
the closed shell configuration d^° and hence the bands 
in the ultra-violet are essentially intra-ligand tran­
sitions) .
X-Ray Powder Patterns
1 2  6
Anand and Lahiry claimed that an isomorphic 
relationship existed between their alleged sample of
127
Mn(S 2 CNEt 2 ) 2  anc^  the square planar nickel (II) analogue
because of the identical d-values of both materials.
But in view of the earlier discussion it came as no
surprise to discover that Mn(S2CNEt2)2 and. Ni.(S2 CNEt 2 ) 2
have radically different powder patterns, and are not
isomorphous. The d-values of the complexes M(II)(S2 CNEt 2 ) 2
(Table 37 ) where M = Cr, Fe, Cu, Zn and Ni agree with
112
those recorded by Fackler and Holah, and also reveal the 
air-sensitive chromium and iron(II) complexes to be 
isomorphous with the five-coordinate copper.(II); and zinc(II) 
dimers. But the d-spacings of Mn(S 2 CNEt 2 ) 2  were found 
to be different (Table 37 ) from the isomorphous series, 
and this led to some concern since Fackler and Holah had 
found Mn(S 2 CNEt 2 ) 2  anc^  Cu(S 2 CNEt 2 ) 2  to he isomorphous.
It now appears that this is erroneous because a very
13C
recent single-crystal X-ray investigation of Mn(S 2 CNEt 9 ) 2  
has shown the complex to be an elongated octahedral
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polymer, and thus confirms that powder data for 
Mn(S 2 CNEt 2 ) 2  an^ Cu(S 2 CNEt 2 ) 2  should be different.
The powder patterns of Mn (S2 CNPr2) 2f Fe (S2 CNPr2) 2  
and the binuclear Cu (S2 CNPr 2 ) 2  are very similar, 
indicating that the first two complexes could also
n
be binuclear. Mossbauer studies have also shown that 
Fe(S 2 CNEt 2 )2, Fe(S 2 CNPr 2 ) 2  and Fe(S 2 CNBu 2 ) 2  are
dimeric and that Fe(S 2 CNMe 2 ) 2  and Fe(S 2 CNC 4 Hg ) 2  are 
145
polymeric. Since the last two compounds have d-spacings 
resembling those of the analogous manganese(II) species 
(Tables 3 6  .and 40 respectively) .it can be tacitly assumed 
that the latter are also polymers. No other isomorphic 
relationships are evident.
It was originally thought that new compounds of the 
type Mn(S 2 CNEt 2 )C1 and Mn(S 2 CNC^Hg)Cl had been obtained,
having the same formulation as the alleged compounds
87
Cr(S 2 CNMe2)Cl and Cr(S 2 CNEt2 )Cl. The powder patterns
of the manganese and chromium complexes showed a super-
imposition of dark lines with d-spacings appropriate to
209
sodium chloride, and fainter lines due to the
bis-ligand complexes. These materials, then, are 
mixtures in which two moles of sodium chloride per 
manganese or chromium atom are present. They separated 
because ethanol, in which NaCl is not very soluble, was 
used. This solvent was found to prevent the oxidation 
of the chromium (II) complexes which takes place in 
aqueous ethanol even under nitrogen, the oxidation 
presumably resulting from the water present.
Manganese(II) Dicyclohexylxanthates 
Introduction N
Xanthate and dithiocarbamate contain the same
donor atoms and little information is available on
the chemistry of manganese(II) xanthates, which is
restricted to compounds of the type MnCEtxan^ and
the base adducts Mn(Etxan ) 2  0.85 bipy and
131
Mn (Etxan) 2  phen . Some anionic methyl-and ethyl-
xanthates, for instance Et^NfMn(Etxan)3 ], have been
131
prepared and characterized, but the chemistry of 
manganese(II) cyclohexylxanthates has not been explored. 
Some iron (II) compounds: FeCChxn^ and FetChxn^I^/ 
where L = methanol, ethanol, pyridine, 3-methylpyridine,
4-methylpyridine, 3,5-lutidine, 3,5-dichloropyridine
84 '
and isoquinoline have been described. The bis-chelate 
complex is antiferromagnetic and believed to be an
5-bridged polymer.
Experimental I
2 1 0
The preparation of potassium cyclohexylxanthate
was carried out as follows:
Potassium hydroxide (20 g.) and cyclohexanol
(150 cm ) were heated under reflux for one hour, allowed
to cool and the liquid decanted from the residual solid.
3
Carbon disulphide (20cm ) was added slowly with 
constant stirring affording a yellow cake-like pre­
cipitate. The product was suspended and broken up in
3 3
ether (60 cm ), filtered off, washed twice with 25 cm
portions of anhydrous diethyl ether and vacuum dried 
for approximately six hours. The pure dry solid was 
flesh coloured.
Calculated for KC'7 Hi;lOS2 : C, 33.6 ; H, 5.1%.
Found: C, 33.3 ; H, 5.3%.
The six-coordinate bis(cyclohexylxanthato) 
manganese(II) adducts with pyridine, y-picoline, 
iso quinoline and 3,5-lutidine were prepared by 
reacting manganese (II) chloride, potassium cyclohexyl- 
xanthate and the appropriate base (1 :2 : 2  molar ratio) 
in aqueous alcoholic media. The air-sensitivity of 
the manganese(II) compounds in solution necessitated 
rigorous; exclusion of air in synthetic and other work. 
When dry, however, these same compounds tended to be 
more resistant to oxidation. Attempts to crystallise 
bis(cyclohexylxanthato) manganese(II) in the absence 
of base were unsuccessful.
.Bis(cyclohexylxanthato)bis(pyridine) manganese'(II)
Addition of a solution of potassium dieyelohexyl-
3xanthate in 50% methanol (6.0g., 50cm ) to manganese (II)
3
chloride in the same solvent (2.9g.,25cm ) gave a 
bright yellow solution. Subsequent addition of excess
3
pyridine (1 2 .0 cm ) instantly produced a thick yellow 
oil which crystallized on vigorous shaking. The solid 
was filtered off, washed with 50% methanol and dried 
under vacuum for eight hours. The dry compound was
bright yellow, and rapidly turned dark brown on exposure 
to air.
Calculated for MnC2^H32N2°2S4 : Mn' ^ ^  ; C ' 51.1 ;
H, 5.7 ; N, 5.0%.
Found : Mn, 9.5 ; C, 50.5 ; H, 5.8 ; N, 4.8%.
2 .Bis(cyclohexylxanthato)bis(y-picoline)manganese (II)
A solution of potassium cyclohexylxanthate in 50%
3
ethanol (6 .0 g. , 40 cm ) was added to a solution of
3
manganese (II) chloride in 50% ethanol (3.0 g., 50 cm ).
The resulting yellow solution was vigorously shaken
before adding y-picoline dissolved in ethanol 
3(2.6 g ., 10cm ) . A bright yellow crystalline solid- 
soon separated. It was immediately filtered off, washed 
with 50% ethanol and vacuum dried for ten hours. The 
dry solid was yellow and took twenty-four hours in the 
air to show signs of oxidation.
Calculated for MnC 2 gHggN2 0 2 S^ : Mn, 9.3 ; C, 52.8 ;
H, 6.1 ; N, 4.7%.
Found : Mn, 9.0 ; C, 52.1 ; H, 6.2 ; N, 4.7%.
3 .Bis(cyclohexylxanthato)bis(isoquinoline)manganese(II)
A solution of potassium cyclohexylxanthate in 50%
3
ethanol (6 .0 g., 40cm ) was added to a solution of
3
manganese (II) chloride in 50% ethanol (2.9 g., 30 cm ).
The reaction mixture was thoroughly shaken. Addition
3
of excess isoquinoline in ethanol ( 1 0  g., 1 0  cm ) produced
- 202 -
a viscous yellow oil, which crystallized slowly on 
standing. The solid was filtered off, washed with 
50% ethanol and vacuum dried for eight hours. Once 
dry, the bright yellow compound showed a marked 
stability to aerial oxidation.
Calculated for MnC32H36N2°2S4 : Mn' ' C' ^7.9 ;
H, 5.5 ; N, 4.2%*
Found : Mn, 8.4 ; C, 57.3 ; H, 5.6 ? N, 3.9%.
4.Bis(cyclohexylxanthato)bis(3,5-lutidine)manganese(II)
This pale yellow compound was prepared by the same 
method as outlined above. No detectable colour change 
resulted when the compound was exposed to air. 
Calculated for MnC 2 gH^0 N 2 C>2 S^ : Mn, 8.9 ; C, 54.3 ;
H, 6.5 ; N, 4.5% ,
Found : Mn, 8 . 8  ; C, 54.. 0  ; II, 6 .2 ; N, 4*2%*
: Other preparative studies
Two further compounds were isolated whilst trying 
to isolate bis(cyclohexylxanthato)manganese(II) gave 
unsatisfactory analytical results. They were found to 
undergo decomposition in sealed tubes under vacuum, 
forming oils.
Mn C H
Mn(C 7 Hi;LOS2) 2 2EtOH 10.3(11.0)a 43.5 (43.5) 6.4 (6.9)
Mn (C?H1 2 0^ 8 2 ) 2  • 2H20 12.4 (13.2) 39.3 (38.1) 5.9 (5.9)
a Calculated values in parentheses.
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Discussion of Results 
Magnetism
The magnetic moments of the pyridine, y-picoline, 
and 3,5-lutidine adducts are temperature invariant and 
close to the spin-only value of 5.9 B.M. for high-spin 
manganese(II) compounds with octahedral geometry 
(Tables 41 and 42 ; Figures 45 and 46). Although the 
magnetic moment for Mn(Chxn ) 2  d Q  ^  somewhat large,
(6.1 B.M. at 295°K) it is by no means unknown for 
manganese(II) compounds to have moments of this magnitude. 
The magnetic moment of this complex is also independent 
of temperature, and in fact, all four adducts obey the 
Curie law, the plot of reciprocal atomic susceptibility 
vs. T(°K) passing through the origin.
Reflectance Spectra
The spectral data are given in Table 43, and re­
produced in Figures 47 and 48. Apart from Mn (Chxn) 2  (IQ) 2
which has a poorly resolved reflectance spectrum, the
6  4 ,:
transition A^^---->  T^ (v^) occurring in the region
14.8 to 15.8 kK, is somewhat easier to recognise in the
cyclohexylxanthate than in the dithiocarbamate complexes.
The absorption bands remain fairly stationary on cooling.
The intensity of the bands in the ultra-violet indicate
appreciable internal ligand transitions.
X-Ray Powder Patterns
For purpose of future reference, d-values for the
TABLE 41
Compound T(°K)
Mn(Chxn) 2 (py) 2  295.4
262.8
230.5
198.3
166.5
135.3
103.5
90.0
Diamagnetic correction =
Mn(Chxn) 0 (y-pic) 0  295.6
262.7
230.2
198.3
166.6
135.5
103.6
90.0
Diamagnetic correction =
14,128 0.708 5.78
16,127 0.620 5.82
18,108 0.552 5.78
21,109 0.474 5.79
25,416 0.394 5.82
31,205 0.321 5.81
40,975 0.244 5.82
47,340 0 . 2 1 1 5.84
300 x 10"- 6 c.g.s. units.
14,604 0.685 5.88
16,477 0.607 5.88
19,105 0.523 5.93
22,003 0.455 5.90
25,443 0.393 5.82
31,239 0.320 5.82
40,244 0.248 5.77
49,480 0 . 2 0 2 5.97
-324 x 1 0 ~ 6 c.g.s. units.
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TABLE 42 
Compound T(°K)
Mn(Chxn)^ (3,5-lut) 2  295.2
262.3
230.3
198.3
166.3
135.0
103.6
89.5
Diamagnetic correction =
Mn (Chxn) 2 -(.IQ) 2 295.6
262.0
230.2
198.5
166.4
135.5
103.4
89.5
Diamagnetic correction =
1 0 6  XA 1°“2 XA"X ye (b .m
14,949 0.669 5.94
17,035 0.587 5.98
2 0 , 0 0 1 0.500 6.07
22,495 0.445 5.97
26,135 0 . 383 5.89
32,262 0. 310 5.90
41,317 0.242 5.85
47,532 0 . 2 1 0 5.83
-344 x 10'^c.g.s. units.
15,778 0.634 6 . 1 1
17,778 0.565 6 . 1 0
19,993 0.500 6.07
22,346 0.448 5.96
27,739 0.361 6.08
34,131 0 . 293 6.08
43,954 0.228 6.03
50,876 0.197 6.04
-347 x 10  ^ e.g.s. units.
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Figure 4 6
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Figure 48
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four bis (cyclohexylxanthato)manganese(II) adducts are 
listed in Table 44. A visual comparison with the powder 
patterns of analogous base adducts of nickel and iron(II) 
cyclohexylxanthates does not reveal any isomorphous 
relationships.
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CHAPTER VI 
COBALT(II) AND (III) DITHIOCARBAMATES
- 214 -
Introduction
The chemistry of divalent cobalt with dithio-ligands
has in general been barely exploited. Most compounds
with a CoS, core tend to contain bidentate ligands (an
2+ 87,211
exception is [Co(tu).] ) that also coordinate
to manganese(II) . A few examples of cobalt(II) dithio- 
complexes are given in Table 45.
TABLE 4 5
Compound Colour y 0 (B.M.) 6
Q t
Structure Ref
(~298 K)
1 . Co(S2 PMe2 ) 2  green
2 . Co(S2 PEt2 )2a green
4.38
4.83
b3. Co[(SPMe2  ) 2 N] 2  blue-green 4.68
4. Co(S 2 AsMe 2 ) 2  green 3.83
5. Co(SacSac ) 2  dark red 2.3
1 1  polymer 
49 dimer
- monomer 
82 dimer
- monomer
202
212,213
214 
203
215
Ligand type <
1-4 are tetrahedral ; 5 is square planar 
a dithiophosphinate 
b imidodithiophosphinate 
c dithiocacodylate 
d dithioacetylacetonate
162 1 1 2  
Regenass et al v and Fackler and Holah, reported that
bis(diethyldithiocarbamato)cobalt(II) cannot be formed
in aqueous media because oxidation to the tris-chelate
always took place, apparently by water, despite
exclusion of oxygen. Colour changes were presumably taken
to indicate that oxidation had occurred but no clear
165statement was given. Preliminary work showed that when 
cobalt (II) acetate and sodium dLethyldithiocarbamate 
were mixed (1 : 2  molar ratio) in aqueous ethanol, under 
nitrogen, a fairly dark green complex separated. But 
if the suspension was exposed to air, the solid rapidly 
turned pea-green. Although more stable when dry, the 
compound slowly became paler in air. These observations 
gave the impression that stable cobalt(II) dithio- 
carbamates could be formed in anaerobic conditions so 
the products of cobalt(II) with some sodium salts of 
disubstituted dithiocarbamates were investigated.
For comparative purposes, the corresponding series 
of cobalt (III) dithiocarbamates was prepared.
Experimental
Mixing aqueous ethanolic solutions of cobalt (II) 
acetate tetrahydrate and the appropriate sodium salt 
of the ligand in a 1 : 2  molar ratio under nitrogen gave 
compounds of the type Co(S2 CNR2 ) 2  where R = Me, Et, Pr11, 
Bu 1  and \ C^Hg. The filterability of these materials 
was poor, but could be improved by precipitation in 
absolute ethanol. No attempts to recrystallize the dry 
powders were made, due to their poor solubility and 
air-sensitivity in solution. When suspended in aqueous 
ethanolic media they rapidly turned pale green on 
exposure to air. In the solid state, the oxidation
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was noticeably slower, but comparatively fast for the 
dimethyl- and pyrrolidyl- derivatives.
The cobalt(III) tris-chelates were obtained by 
mixing cobalt (II) acetate and the ligand (1:3 molar 
ratio) in air, to oxidize cobalt (II) to cobalt(III).
They were recrystallized from acetone.
1. Bis(N,N-dimethyldithiocarbamato)cobalt(II)
A solution of sodium dimethyldithiocarbamate in
3
ethanol (6 . 0  g., 60 cm ) was slowly added to a warm
3solution of cobalt (II) acetate in ethanol (4. Og., 180 cm ). 
The reaction mixture was vigorously shaken for several 
minutes. The fine brown-green precipitate which formed 
was very difficult to filter off. After washing with 
ethanol and vacuum drying for four hours the compound 
had a brown-green colour. '
Calculated for CoCgH^2N2S4: ^°f -^.7 ; C, 24.1 ; H, 4.0 ; 
N, 9.4%.
Found : Co, 19.3 ; C, 24.3 ; H, 4.2 ; N, 9.8%.
In solution, or when moist, the compound underwent 
rapid aerial oxidation to a bright green material which 
analysed well for monohydroxybis(dimethyldithiocarbamato) 
cobalt (III). " ; ;
Calculated for C o C g H ^ ^ S ^ :  C, 22.8 ; H, 3.8 ; N, 8.9%.
Found: C, 23.0 ; H, 4.0 ; N, 8 .6%.
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2. Bis(N,N-diethyTdithiocarbamato)cobaIt(II)
In order to overcome the long filtration time
necessary to isolate this compound from aqueous
ethanolic media, the reaction was carried out in
absolute ethanol.
A suspension of cobalt(II) acetate in warm
3
ethanol (4.0 g. , 100 cm ) was treated with sodium
3
diethyldithiocarbamate in ethanol (7.3 g., 60 cm ) .
A dark green precipitate formed instantly, and after 
vigorous shaking for ten minutes the reaction mixture 
was allowed to stand overnight. The precipitate 
filtered off quickly, but was noticeably contaminated 
with white crystals. The impurity was probably sodium 
acetate which is only sparingly soluble in ethanol. 
Therefore, the compound was first washed with 50% 
ethanol, then ethanol, and finally vacuum dried for 
four hours. The dry, dark green solid gradually turned 
light green on exposure to air. When moist, or in 
solution, oxidation appeared to be very rapid.
Calculated for CoC^0 H2 0 N 2 S 4  : c°/ 16.6 ; C, 33.8 ;
H, 5.7 ; N, 7.9%.
Found : Co,15.9 ; C, 33.5 ; H, 5.7 ; N, 7.8%.
3. Bis(N,N-di-n-propyldithiocarbamato)cobalt(II)
A solution of cobalt (II) acetate in 50% ethanol
3
(3 . 7  g., 75cm ) was treated with a solution of sodium
3
di-n-propyldithiocarbamate in 50% ethanol (6 . Og., 60 cm ).
A dense, dark green precipitate separated quickly, leaving 
the solution clear. The compound was filtered off, washed 
with 50% ethanol, and vacuum dried for six hours. The dry 
solid was dark green, and did not change on exposure to 
air for at least one hour, but eventually turned a lighter 
shade of green.
Calculated for CoC-^K^g^S^: Co, 14.3 ; C, 40.9 ;
H, 6.9 ; N, 6 .8 %.
Found : Co, 14.1 ; C. 39.9 ; H, 6 . 8  ; N, 6.5%.
4. Bis(N,N-di~isobutyldithiocarbamato)cobalt(II)
A solution of sodium di-isobutyldithiocarbamate in
3
80% ethanol (7.0 g., 50 cm ) was added to a solution of
. 3 v
cobalt (II) acetate in ethanol (3.1g., 50 cm ) whereupon
a dark green precipitate formed. This was filtered off, 
washed first with 80% ethanol, then ethanol and vacuum 
dried for five hours. The dry solid was dark green, and
took several hours to become lighter in colour on 
exposure to air.
Calculated for CoC 1 0 HorNnS. : Co, 12.6 ; C, 46.2 ;lo 36 2 4
H, 7.8 ; N, 6.0%.
Found : Co, 12.8 ; C, 46.1 ; H, 7.9 : N, 5.9%.
5. Bis(N,N-pyrroridyldithiocarbamato)cobalt(II)
3Cobalt (II) acetate (2.0g., 50 cm ) and the sodium
3
salt of pyrrolidyldithiocarbamic acid (3.7 g., 85 cm ) 
were dissolved separately in 50% ethanol. The ligand
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solution was added, slowly to the metal solution. A 
green precipitate was obtained, and this took approx­
imately six hours to filter off. After filtration it 
was washed with 50% ethanol and dried under vacuum for 
five hours.
Calculated for CoCioH16N2S4 : Co, 16.7 ; C, 34.0 ;
H, 4.6 ; N, 7.9%.
Found : Co, 16.5 ; C, 33.9 ; H, 4.6 ; N, 7.7%.
The olive-green dry solid turned pale green on exposure 
to air within one hour. The moist solid rapidly oxidized 
on exposure to air, turning pale green.
6 . . Tris (dithiocarbamato)Cobalt(TIT) complexes
. These compounds were prepared for comparison with 
the analogous divalent cobalt compounds. They were 
obtained by mixing 50% ethanolic solutions of cobalt (II) 
acetate and the appropriate sodium dithiocarbamate in 
1;3 molar ratios. A steady stream of air was drawn 
through the reaction mixture for sixteen hours. The bright 
green solid was filtered off, washed thoroughly with 50% 
ethanol, then ethanol and air-dried overnight. Black- 
green crystals were obtained after recrystallization 
from acetone.
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TABLE 4 6
Analytical data for tris(dithiocarbamato)cobalt(III)
complexes (%)
C H N
Co (S2 CNMe 2 ) ^ 25.7 (25.8)a 4.2 (4.3) 9.9 (1 0 .0 )
Co(S 2 CNEt 2 ) 3 35.6 (35.8) 6.3 (6 .0 ) 8 . 2 (8.3)
Co(S 2 CNPr 2 n ) 3 43.0 (42.9) 7.3 (7.2) 7.0 (7.2)
Co(S 2 CNBU2 1 ) 3 48.3 (48.1) 8 . 2 (8.4) 6 . 2 (6 .2 )
co(s 2 cnc 4 h8 ) 3 36.8 (36.1) 4.9 (5.0) 8.5 (8.4)
cl: calculated values in parentheses.
Discussion of Results 
Magnetism
The ranges for room temperature magnetic moments of
2 JL 6cobalt(II) complexes are shown in Table 47.
TABLE 47
Cobalt(II) C.N . 6  C.N.5 C.N.4 C.N.4
 _________  <Td> (D4h>
High-spin 4.8-5.2 4.2-4 . 6  4.2-4 . 8
Low-spin 1.8-2.0 1.7-2.1 2.1-2.9
Most octahedral cobalt(II) compounds can be classified as
either high-spin or low-spin, the magnetic moments
normally- lying in the range 4.8-5.2 B.M. and 1.8-2. OB. M. 
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respectively. An octahedral crystal field splits the
4 4 4 4
F ground term into the levels & 2 g r T2g' anc^  Tlg in
-  2 2 1  -
order of decreasing energy. 2 1  ^ The ground term
will possess some orbital angular momentum and the
219,220
magnetic moment varies between the spin-only value 
v s.o\= [4 S(S+1)]% = 3 . 8 7  B.M., S. = |
and
U e - = [4s(S+l) + L(L+1)]*. = 5.2 B.M., L = g
and is temperature dependent.
Octahedral low-spin cobalt (II) compounds with a
2E ground term should display temperature-independent 
2 20
moments, the values of which are given by
.'Je = ys . O . / I
lODq^
where y = 1.73 B.M. and X is the spin-orbit couplingS • O •
- 1constant for the free-ion ( -515cm for high-spin^ - 
172cm 1  for low-spin). The energy level diagram102(Figure 49)
7
for octahedral d ions shows that at a certain value
2  4
of the ligand field parameter lODq, the E^ . and T^
terms cross each other, and a high-spin low-spin
equilibrium can be established at this "crossover"
2point. At higher field strengths the E^ supplants the 
4
Tlg ^erm* In tetrahedral ligand fields (Figure 50 ) a
A
*A2  term lies lowest and tends to acquire orbital
221angular momentum from a higher T term. The moment is
then given by the equation
’ 1 - __
lODq J
where X = -172 cm 1  and 10 Dq is the energy of the first
we= ys.o.( 1  \
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spin-allowed transition. Since spin-orbit coupling 
constants are negative for d-she 1 1 s with five or more 
electrons, experimental moments are expected to exceed 
the free-ion value.
The magnetic behaviour for the complexes prepared 
herein is shown in Tables 48-50 and Figures 51-53.
All the cobalt (III) dithiocarbamates were diamagnetic 
as is usual for cobalt (III) except for complexes of 
fluoride. The dark green complexes Co (S2 CNR2 )2 > where 
R = Et, Pr1 1 and Bu1  obeyed the Curie-Weiss law, and had 
rather large Weiss constants (6~57°, 20° and 30° 
respectively). This could be taken to imply that strong 
antiferromagnetic interactions arise in these materials, 
but in the light of infra-red measurements and X-ray 
powder evidence, they are considered to be admixtures of 
tris (dithiocarbamato)cobalt(III) species and some para­
magnetic impurity. From the magnetic evidence it is 
difficult to predict the nature of this impurity. 
Unreacted cobalt (II) acetate tetrahydrate can be ruled 
out for despite being a high-spin compound (4.98 B.M. at 
290°K) it approximately obeys the Curie law (0~O°). The 
presence of a cobalt oxide species seems more likely
Compound li (B.M.) 
0 .8-
Ref .
CoO2 114
Co2°3 2.3 222
CO 2 O 3 .K^O 4.47 223
C°2^3 *3 H 2 ° 1.2 114
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TABLE 4 8
Compound T (°K) 10^xA 10 ^x^ y e (B.M
Co(S 2 CNMe 2 ) 2  293.0 4,928 2.029 3.40
281.3 5,003 1.998 3.35
262.5 5,107 1.958 3.27
230.5 5,095 1.982 3.05
236.5 4,928 2,029 2.96
210.0 4,280 2,336 2.77
197.8 3,950 2.531 2.50
175.5 3,633 2,752 2.26
166.1 3,543 2.822 2.17
153.0 3,502 2.855 2.07
135.0 3,585 2.789 1.97
121.8 3,764 2,656 1.92
103.0 4,122 2.426 1.84
87.5 4,583 2.181 1.79
Diamagnetic correction = -142 x 10  ^ e.g.s. units
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TABLE 49
Compound T(°K)
Co(S 2 CNEt 2 ) 2  293.0 856
290.9 861
. 262.5 870
230.5 941
166.1 1,187
135.0 1,381
125.0 1,513
105.0 1,645
95.8 1,763
87.5 1,844
0 = 57°
Diamagnetic correction =
Co(S 2 CNPr 2 n ) 2  293>q 1 / 3 9 9
262.5 1,488
230.5 1,612
197.8 1,952
166.2 2,295
138.0 2,599
101.0 3,456
87.5 3,939
0 = 20°
Diamagnetic correction =
, n - 2  - 1
1 0  XA ye (B.M.)
11.682 1.42
11.614 1.41
11.494 1.35
10.626 1.31
8.424 1.26
7.241 1 . 2 2
6.609 1.23
6.079 1.18
5.672 1.16
5. 422 1.14
6190 x 10 e.g.s.units.
1.81 
1.77 
1.72 
1.76 
1.75 
1.68 
1.67 
1.66
—  6238 x 10 e.g.s. units.
7.147 
6 . 720 
6.200 
5.123 
4.357 
3.848 
2.893 
2.539
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TABLE 50
Compound T(°K) ^ ° ^ A   ^ y 0 (B.M.)
Co(S 2 CNBu 2 ) 2  295.3 1,787 5.596 2.05
262.5 1,978 5.057 2.04
230.0 2,196 4.554 2.01
198.5 2,480 4.032 1.98
166.1 2,935 3.407 1.97
134.9 3,515 2.845 1.95
103.5 4,428 2.258 1.91
89.5 5,050 1.980 1.90
0 = 30°
Diamagnetic correction = -290 x 10 c.g.s units.
Co(S 2 CNC 4 H 8 ) 2  313.0 6,765 1.478 4.12
291.8 7,114 1.405 4.07
262.8 7,892 1.267 4.07
230.0 8,737 1.144 4.01
217.8 9,906 1.009 3.95
166.8 11,247 0.889 3.87
140.3 13,124 0.761 3.83
103.5 15,689 0.637 3.61
88.5 17,352 0.576 3.51
0 = 55°
— 6Diamagnetic correction = -176 x 10 c.g.s. units.
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Because ample evidence indicates these three dithio- 
carbamates of cobalt (II) are unlikely to be genuine, 
discussion of their magnetism is not worthwhile.
The effective magnetic moments for olive-green 
Co (S2 CNC^Hg) 2  are 4.12 B.M. and 3.51 B.M. at 313°K and 
88.5°K and the Weiss constant is approximately 55°.
This is suggestive of a high-spin tetrahedral, octa­
hedral or five-coordinate molecule with antiferro­
magnetic exchange interactions. Incorporation of the 
0  value in the expression
pe = 2.828J  x a ( T + 0 )  B.M.
shows that the 'corrected' moment becomes temperature 
invariant (4.53 ± 0.02 B.M.) and more typical of tetra­
hedral or five-coordinate cobalt (II). As Mabbs and 
9 2  ”4Machin pointed out if 0  originates from antiferro­
magnetic exchange, its inclusion in the above expression 
may be permissible (this procedure has been adopted by 
others) but a finite 0  value may originate from other 
phenomena, so that the use of the expression is 
questionable. Other complexes of divalent cobalt with 
dithio-ligands possess tetrahedral geometry (Table 45). 
This has been established by their isomorphism with 
related compounds whose structures were determined 
crystallographically.
Of the cobalt(II) complexes studied herein, by far 
the most conspicuous (but reproducible) magnetic be­
haviour is observed for Co(S 2 CNMe 2 ) 2  * ^oom
temperature moment of 3.4 B.M. is anomalous in being inter­
mediate between high-spin and low-spin values. However it 
decreases asymptotically to 1.79 B.M. at 87.5°K. As the 
temperature increases from 87.5°K, the reciprocal atomic 
susceptibility rises steadily to a maximum at 150°K 
(2.07 B.M.) and then falls to 235°K (2.96 B.M.) at which 
point it tapers upwards again, though less prominently.
This behaviour is considered to arise from the 
presence of a spin-equilibrium. Provided decomposition did 
not set in, it would presumably give a high-spin magnetic
moment at high enough temperatures. This type of phenomenon
t, ^ . . . , 143,216,225,226,227has been well documented for cobalt(II)
143,217 , 143 ' . 143,217iron(II) ' and (III), and nickel (il) systems.
The use of mathematical models has enabled Stoufer 
228
et al, to replicate this kind of magnetic behaviour in some 
six-coordinate cobalt(II) complexes.
Reflectance Spectra
The results of reflectance spectral investigations 
at room and liquid nitrogen temperatures are shown in 
Table 51 and Figures 5.4-58. The spectra have been 
reported down to 4.0 kK because not only vibrational 
overtones but also cobalt(II) d-d absorptions can occur 
in this region.
At room temperature the cobalt (III) dithiocarbamates, 
0 0 (8 2 0 ^ 2 )3 / have a band in the 14.4 to 15.6 kK region
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Reflectance Spectra
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and a shoulder between 19.0 to 21.0kK. These are
229
typical of six-coordinate cobalt (III) and are
respectively assigned to the ^  *^Tlg V^ l^  an(^
1 1
 > ^2g (V2 ) transitions.
Although slightly more intense and relatively 
unaffected by cooling to 90°K the majority of absorption
bands for Co (S2 CNR 2 )2 > where R = Et, Prn and Bu1 , are 
located at virtually the same frequencies as for 
0 0 (8 2 0 ^ 2 ) 3  complexes. Therefore, the compounds with 
Et, Pr1 1 and Bu1  substituents are actually the tris- 
chelates with some impurity present.
Clearly, the complexes Co(S 2 CNMe 2 ) 2  an^ C o (S2CNC4H8^2 
have very different reflectance spectra from their 
corresponding tris-chelates. For Co (S2 CNMe2 )2' at room 
temperature there are three shoulders, one near 9.6 kK, 
one near 17.1 kK and another at about 20.4 kK each of 
which are absent in Co(S2 CNMe 2 ) 3  * On cooling to 90°K 
the spectrxim altered dramatically. The low frequency 
shoulder at 9.6 kK disappeared whilst the band region 
from 15.0 to 25.0kK greatly intensified. Here, the 
room temperature shoulder at 17.1 k.K appeared to have 
been split into two higher intensity components at 18.4 
and 16.6 kK (sh). Furthermore, a strong and broad band 
at 20.8 kK may have been the room temperature shoulder 
at 20.4 kK. The spectral changes of Co(S 2 CNMe 2 ) 2  on 
cooling to liquid nitrogen temperature are in accord 
with the transition from a partly high-spin condition
at 295°K to a fully low-spin condition at 87.5°K. More­
over, the reflectance bands of some six-coordinate 
cobalt (II) complexes that also display h i g h - s p i n l o w -
spin equilibria, are found to be more intense in the low
230
temperature (low-spin) range.
The room temperature spectrum of Co(S 2 CNMe 2 ) 2
bears more resemblance to octahedral rather, than . . .
230
tetrahedral cobalt (II) compounds, the latter usually
having a somewhat structured broad and intense•band in 
the visible region, whereas octahedral cobalt (II) has a
band at higher energy, slightly weaker and often with a
229 -231
shoulder on either side. Lever and Ogden have
• 4 4 '
shown that in order to be assigned to ' Tig ^  A 2 g^ v 2 ^
in regular octahedral symmetry, . the ratio of should
be close to, but not exceed, 2.2 . Therefore, if the 
shoulder at 9.6 kK in Co(S2 CNMe 2 ) 2  taken as 
/^T^~— ^ ^ T2g^Vl^' that at 17.1 kK as \>2 /then the ^ 2 /Vj 
ratio equals 1.78, the value of which is reasonable con­
sidering that and V 2  are both shoulders. The
4 4
shoulder at 20.4 kK could be the T^-— r->  ^ 3 )
transition. Band assignments for the low temperature 
spectrum of this compound are not obvious. The fact that 
the. 9 . 6  kK band (2959k) is absent in this spectrum shews 
further that spectral changes accompany'the high-spin to 
low-spin transition.(suggests that a change of structure 
is accompanied) on cooling. In fact the spectrum is more 
like that of tetrahedral cobalt (II) yet low-spin tetrahedral
- 240 -
cobalt(II) is unknown, and band systems in the region
4 4
5.0 to 9.0 kK (corresponding to A^ —  >  T^(F) (V2 ) for
204this stereochemistry) are usually more intense than 
that seen for Co(S 2 CNMe 2 )2 *
The reflectance spectrum of Co (S^NC^Hg) ^  is 
better resolved at liquid nitrogen temperature with a 
new band at 12.6 kK (seen as a shoulder at 12.5 kK in 
the room temperature spectrum), otherwise it changes 
very little. This is in accord with the relatively 
small diminution of magnetic moment for this compound 
over the temperature range 295 to 90°K. The magnetic 
evidence suggested that the complex could have a dimeric 
or polymeric structure. The close similarity of the 
reflectance bands of Co(S 2 CNC^Hg)£ to those of tetra­
hedral Co (S2 ?Me 2 ) 2 ^^ *^ anc  ^Co (S2 PE.t-2 ) 2 ^ ^ i n(3 icates that 
the cobalt (II) dithiocarbamate may also have a tetra­
hedral structure. However, the intensities of the bands 
below 10.0 kK appear appreciably weaker than those of 
established tetrahedral cobalt (II) complexes.
Nevertheless, on the basis of tetrahedral cobalt (II)
in Co(S 2 CNC^Hg ) 2  , the bands in the range 5.8 to 8.4 kK
4 4are tentatively assigned to the T^(F) (x^) tran-
4 4
sition and from 12.5 to 17.0 kK to the A 2 ---->  T^ (P)
transition.
X~fiay Powder Patterns
The complexes formulated as Co(S 2 CNR 2 )2 ' where R = 
Et, Prn and Bu1, and the cobalt(III) complexes have
identical d-spacings (Tables 52-53). Therefore the former 
are the cobalt(III) complexes contaminated with a para­
magnetic oxide as suggested earlier.
The complexes Co(S 2 CNMe2 ) 2  ari{^  Co (S2 CNC^Hg ) 2  have
different d-spacings from those of the corresponding
tris-chelates. The d-spacings of Co(S 2 CNC^Hg)^ are not
188like those of the square planar copper(II) analogue 
(square planar cobalt(II) complexes with dithio-ligands 
are uncommon) but have some resemblance at low 0  values to 
those of Mn(S 2 CNC^Hg)2 • However, the actual powder 
photographs of Co (S2 CNC^Hg ) 2  and Mn(S 2 CNC^Hg ) 2  look quite 
different. The powder photograph of Co(S2 CNMe 2 ) 2  was 
quite different to those of M(S 2 CNMe2 )2 ' where M = Cu, Zn 
and Mn.
Conclusion
There seems little doubt that the complexes Co (8 2 0 ^ 2 ) 2  
where R - Et, Pr* 1 and Bu1, actually consist of tris-chelates 
and paramagnetic impurity. The elemental analyses can be 
virtually replicated on this assumption.
The dimethyl- and pyrrolidyl- substituted complexes
appear genuine cobalt(II) complexes.
164In 1920 Compin isolated two brown compounds 
that analysed well as bis(dibenzyldithiocarbamato) 
cobalt(Il), Co(S2 CNBZ2 )2 * and bis(di-isoamyldithiocarbamato) 
cobalt(II), Co (S2 CNAm 2 ) 2  * Their properties would 
provide an interesting comparison with those of Co(S 2 CNMe 2 ) 2  
and Co(S 2 CNC^Hg) 2 • Unfortunately, Compin's compounds 
have not been re-investigated by other workers, and were
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' TABLE.54 
X-Ray Powder Data
co(s 2 cnc 4 h 8 ) 2
0hkl dhkl I
o
(degree) (A)
4.60 9.60 vs
5.46 8 . 1 0 s
7.19 6.16 s
9.08 4.69 s
10.33 4.29 vw
1 2 . 2 0 3.65 w
12.75 3.49 s
14.28 3.12 w
14.78 3.02 m
Co (S2CNC4H8>3
0hkl dhkl
o
I
(degree) (A)
3.73 11.85 vw
5.66 7.82 vs
6.25 7.08 s
7.28 6.08 m'
9.23 4.81 vw
9.80 4.53 s
10.48 4.24 w
11.13 3.99 m
13.93 3.20 vw
overlooked during the present work.
The poor solubility of Co(S 2 CNMe 2 ) 2  anc3- Co (S2 'CNC4 Hg) 2  
in polar solvents precluded either conductance or mole­
cular weight determinations. These compounds merit X-ray 
crystallographic investigations.
CHAPTER VII 
INFRA-RED SPECTRA OF DITHIOCARBAMATES
Introduction
There are three resonance forms in which the 
dithiocarbamate ion can exist
/ S X
- —  NR 2  ^ C —  nr 2  1 1 \  /
S' s s
(1 ) (2 ) (3)
232Randall et a l . found that a strong band between
- 1  - 1  1613 cm and 14 71 cm was common to compounds with
the thioureide, or N-C=S linkage. They assigned this
to a stretching mode of the C-N bond shortened under
+ - 233
the influence of a polar C -S bond. Mann
investigated the spectra of some dithiocarbamates,
which also contain the thioureide chromophore, and
located the C-N stretch within the fairly narrow limits
-1 9 0of 1490-1470 cm . Chatt et al . observed the strong
band in several dithiocarbamates in a wider range, from
- 1  ,1542 to 1480 cm , intermediate between C-N stretcning
(1250-1350 cm and C=N stretching (1640-1690 cm ^ "
They concluded that the polar resonance form (3)
contributes significantly to the electronic ground
state of the dithiocarbamate, being responsible for the
strong absorption in this region. Several factors have
been found to account for the behaviour of the CN stretching
- 248 -
frequency on coordination. In alkali metal salts of 
dithiocarbamic acids the v(CN) absorption is not
90 98^
especially sensitive to the nature of either the metal, '
or the substituents bound to the nitrogen atom. The
same holds true in dithiocarbamate esters. In the salts,
however, a slight decrease in v(CN) becomes apparent as
the substituent size, in say a homologous alkyl series,
becomes larger. The same phenomenon occurs in dithio-
carbamato-complexes, and is ascribed to a lessening of
the Tr-character as the inductive effects of the alkyl
groups diminish. In contrast, by replacing an electron-
donating group such as ethyl by an electron-withdrawing
235 236substituent like phenyl ' the v (CN) absorption is
lowered appreciably, as seen in a series of gold(III)
dithiocarbamates. The C=N stretch is also anion-dependent
236 237in the solid state ' e.g. in compounds such as
Au(S 2 CNR2 )2 + (1550 cm ■*") and B ^ A u  (S2 CNR 2 ) 2  (1565 cm )^ .
. 9 0
The mescmeric effect of-NR 2  groups, the ability of
90sulphur to accommodate more than eight electrons,
, 78 238kinematic effects and the RNR angle each contribute
to the degree of double band character in resonance form
(3). Several workers have measured the changes in the
v(CN) band by varying the substituent on the nitrogen
90
atom. Chatt et a l , noted the absence of bands in the 
double bond region of spectra of xanthates. This was due 
to the mescmeric effect of-OR being substantially weaker 
than that of-NR2  so that the polar xanthate resonance form is
quite unimportant in xanthate systems. Although an 
apparent decrease of v(CN) in the order Me > Et > Pr1 1 > 
Bun was observed for a series of copper(II) dithio­
carbamates, Chatt et al,pointed out that in the solid 
state intermolecular interaction could produce effects 
comparable to the intramolecular ones to be studied so 
comparisons should be made from solution spectra. The 
position of the v(CN) stretch is highest, relative to 
the free ligand, on complexation, but oxidation to
thiuram disulphide and S-alkylation also involve
239increases. For example :-
v (CN)
Anion S2 CNMe 2  aq s 14 85 cm ^
Coordination Cu(S 2 CNMe 2 ) 2 1524 cm" 1
Thiuram Disulphide Me^tds 1504 cm ^
S-alkylation Me^JCS 2Me 1510 cm 1
Significant increases in the C=N stretching vibration
also result from a change in the formal oxidation state
of the metal and its stereochemical environment. The .
highest frequencies in the diethyldithiocarbamates of
some divalent and trivalent metals were observed for
90planar complexes, decreasing in the order planar > 
tetrahedral > octahedral > distorted octahedral > 
pyramidal. The v(CN) vibration occurs at very high
95frequencies in complexes containing S-tetrathian rings
124
and thiuram disulphides, * four canonical forms
contributing to the electronic structure of the latter.
In principle, the dithiocarbamate ligand can
240
coordinate either through the sulphur or nitrogen atom:
/
R__
R S N : ^
\  • S  N ,  •• N s , C X M ; s = c < M
R ^
( 1  ) .( 2  )
X-ray diffraction studies of dithiocarbamates
clearly show only metal-sulphur coordinate bonds, and
infra-red spectroscopy substantiates this observation.
If metal-nitrogen bonds were formed v(CN) would be
expected to decrease relative to the free ligand on
coordination, but this is not observed, the shift to
higher wavenumber on coordination confirming the presence
238of metal-sulphur bonds only. Ewald and co-workers
also found that bonding via sulphur rather than nitrogen
was sterically more favourable. Infra-red evidence can
also decide whether dithiocarbamate acts as a bidentate
241or monodentate ligand. In bidentate chelation single
v(CN) and v(CSS) bands arise, but in unidentate
coordination two bands are seen for these stretching 
242
vibrations.
Scant attention has been paid to the far infra-red
spectra of dithiocarbamato-complexes, in which metal-
sulphur stretching vibrations are usually found in the
- 1-67
range 450-300 cm . In the infra-rred spectra of.
high-spin Fe(S 2 CNR2 >g complexes only one v (FeS) absorption 
band is observed.-^9 However, two v (FeS) absorption bands
are seen in the spectra of Fe(S 2 CNR 2 )3 ’.complexes that
exhibit spin-isomerism. For instance, in the infra-red
243 _ 1
spectruitiof Fe (S2 CNMe 2 ) 3  bands occur at 360 cm (v (FeS) ,
presumably Fe(III) in a low-spin state) and 330 cm ^(v(FeS) ,
presumably Fe(III) in a high-spin state). In the analogous
- 1
spin-paired cobalt(III) complex a single band at 360 cm 
(not seen in the selenated derivative) is assigned to the 
CoS stretching vibration.
Normal coordinate analyses of Pt(S 2 CNH2 ) 2
and the corresponding perdeuterated complex have been
244reported by Nakamoto et al. but the complexes were
treated as though only one ligand was attached to the metal
atom. Moreover, all out-of-plane vibrations were neglected.
Recently, normal coordinate analyses for N K ^ C N M e ^ )2 ’'" ■ ■'
Ni(Se 2 CNMe 2 ) 2  and their perdeuterated derivatives have been
1 7 a
carried out by Jensen et al. These complexes were treated
as though both ligands were coordinated to the nickel atom. 
The assignments for the main bands of Ni(S 2 CNMe 2 ) 2  can 
summarized as follows:-
1. 1500 - 1600 cm ^ : A very strong broad band occurs
between these limits. In the free ligand-it originates 
mainly from an in-and out-phase combination of v(CN) and 
vg (CNC) coupled to internal modes of the methyl group. 
Coordination effectively increases v (CN) relative to 
Vs (CNC) .
- 252 -
2. 1300 - 1500 cm ^ : Bands due to deformation modes
of the methyl groups occur in this part of the spectrum.
3. 1240 — 1260 cm A medium intensity absorption in
this region results from an out-of-phase combination of 
v_(CNC) and v (CSS) . Durgaprassad-^9 originally
clo 3.S
assigned it to v _ (CNC) with small contributions from p(CNC)dS
and p(CSS).
4. 1000 - 1200 cm Here, the rocking modes of the
methyl groups give rise to absorption. Several authors 
have empirically assigned the strong band near 1150 cm ^
178to a stretching frequency of the CNC linkage. Jensen et al. 
found that it originates mainly from the p(CH^) mode but 
also contained the skeletal vg (CSS) stretching vibration.
- 1
5r 950 - 1000 cm : A high intensity band in this
vicinity arises from a combination of v_(CNC) and v__(CSS)s as
modes in various proportions.
6  . 500 - 600 cm Two bands are found in this region ;
one due to an in-phase combination of v (CSS), v(CN) and
o
•\ . . ' . 
v (CNC) and the other due to wagging w(CSS) mode.
- 17. 80 - 500 cm : Amongst several absorptions in the
far infra-red region, there are bands due to a strong
-1 245 v_ (NiS) (388 cm ) in agreement with Ojima et al., a medium
fa*
strength v (NiS) (376 cm ^), a medium w(CNC) (273 cm )^ab
and a band due to the butterfly-type "flapping" motion of 
the molecule (179 cm 1).
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Discussion of Results,
The infra-red spectra of all the complexes have been 
recorded over the range 4,000 to 200 cm~\
Comparisons of the dimethyl- substituted complexes 
prepared in this work with the band assignments and infra-
178
red spectrum for Ni(S 2 CNMe2 ) 2  permitted some tentative 
band assignments for the transition metal dithiocarbamates 
as a whole (Table 55). The main infra-red absorptions 
and their intensities are presented in Tables 56-60.
No attempt has been made to account for many of the bands 
in the "fingerprint" and far infra-red regions, the 
complexity of which precludes rigorous discussion in this 
thesis.
In the complexes studied herein v (CN) usually mot;es to 
lower frequencies as the alkyl substituent becomes larger.
Those compounds M(S 2 CNR 2 ) 3  where M = vanadium(III) and 
cobalt(III) ; R = Me, Prn or Bu1, have infra-red spectra 
which closely resemble each other, but the most marked 
similarity is observed where R = Et. This is in good 
agreement with X-ray data since the powder patterns of the 
dialkyl— substituted complexes of vanadium(III) and cobalt (III), 
where R — Me, Pr1 1 or Bu1, are not the same, but V(S 2 CNEt 2 ) 3  
and Co(S 2 CNEt2 ) 3  are almost identical.
The absorption bands of the cobalt(II) and cobalt(III) 
dithiocarbamates are remarkably similar, except in the case 
of the dimethyl-and pyrrolidyl-'substituted complexes 
where significant differences are apparent. This is further
TABLE 55 
Infra-Bed Band Assignments
~v(CN) P-(CH,) vs(CNC)
Vs (CNC) JV^CSS) v(CSS)a o-
P(CfI3)
R = Me
V(III). 1515 1140 980 362 .
Co(III) 1520 1146 984 358,349
Co(II) 1516 1157,1137 971 348,356
Mn (II) 1510 1140 964 352
Cu (II) . 1524 1155 979 349 .
Zn (II) 1510 1148,1135 975 378
R = Et
v(in) 1484 1141 991 355
Co(III) 1485 1135 996 355 ~
Co (II) 1485 1134 1002,SSOsfr 362
Mn(IT) 1486 1141 985,I005sh 365
Cu (II) 1505 1150 1C00 356
Zn (II) 1504 1150 987,998 376 •
R = P r11 .
V(III) 14 82 1152 979 36.9
Co(III) 1485 1155 . 931. 356
Co(II) 1489 1158 984 _ 353
Kn(IX) 1493 1151 976,966sh 370,355sh
Cu(II) 1492 1149 982 . 350
Zn(II) 1495 1149 974 383
• R = Bu1
V(III) 1487 1149 994 364
Co(III) 1480 1148 992 363
Co(II) 1483 1150 997 361
Mn(II)' 1481 1150 980 362
Cu (II) 1501-' ■ 1155 . 986 362
Zn(II) 1495 ( • 1149 989,977 375
R - C4H8
Co(III) 1490 1162 1001,970 355
Co(Ilf 1481 1163 1000 349
Mn (II) 1476 1166 999 3.1,7
Cu(II) 149S 1168 1007,999 340
Z n (II) 1482 ,1168,1161 1010,999 341
R = Ms 
Salt
1483vsb 
139 2w
1239m
1115m
1040w
959sb
449vs
329s
260w
208m
TABLE 56 
Infra-Rsd Spectra (otT^)
V (III) Co (III)
1515vsb 1520sb
1400sh 1411sh
1249s 1255m
1140vsb 1146sb
1041m 105lw
980s 984vs
890w  89 3vw
444s 439s
420vw
362vsb 358s
349sh 
251mb 317w
Co(II) Mn(II)
1516vsb 1510vsb
1400sh 1400s
1252m 1245vs
1157m 1140sb
1137m
1050vw 1045m
971vs 964vs
945w
890vw 875w
440vs 444vs
420s
356sh
348s 352s
250sh 260shb
2 1 0 s
Cu(II) Zn(II)
1524vsb 1510sb
1401s 1408m
1253s 1243s
1155vsb 1148m
1134sh 1135m
1050m 1050w
^SSsh, 975vs
979vs
945sh 
89 4vw 8 8 0 w
441vs 4-4 Ivs
430sh 
363sh 378s
349vs
259m 260sh
229vs 
2 2 1 vs
TABLE 57
R - Et 
Salt
1475s
1443vs
1404m
1355sh
1347s
1335m
1282s
1247s
1187s 
115 6 w
1118m
1078w
1060m
977s
900s
828s
765m
710s
319m
35Qw
309m
V(III) Co (III) Co (II) Mn(II) Cu (II) Zn (II)
1484vs 1485s 1485vs 1486vs 1505vs 1504vs
1436s 1438vs 1439vs
1430vs 14 30vs 1429s 1430vs 1432vs
1360sh 1365 s
1352m 1351m 1350m 135 8 m 1355m 1359s
1340sh 1340sh 1344m 1344sh 1347m
1 2  98w 1299m 1298sh
1292m 129 3m 1299 s 1301m 1303s
1268s 126 8 vs 1262vs 1269s 1275vs 1277vs
1209m 1 2 1 2 s 1 2 1 0 s 1208s 1 2 1 1 s 1 2 1 2  s
1141m 1149s 1148m
1098vw 1099vw 1095sh
1135s 1134s
1070m 1076w 1077m
106 Ow 1060w
991m 996v/ 1 0 0 2 m
980sh
911w 912w 914m
845m 850w 858m
847sh
790m
781w 783w
380sh 386w 39 4w
355vsb 355s 362s
244s
1141s 1150s 1150s
1095v/ 1095m 1102vw
1081m 1085m
1076m 1075m 1078s
1067m 1070sh 1067m
1005sh 1000s 998s
985s 987m
910s 918m 919s
841m 850s 853m
846s
782w 786sh 79lw
777w 781w 782m
495w 49 8 m 500w
418w 414w 421s
391m 395s 392vs
365s 356vs 376vs
350sh
3 2lw 326s 331m
260m 2  38vs
2 2 0 vs 2 2 0 vs
- 257 -
TABLE 5 8
R = Prn
Salt V(III) Co(III) Co(II) Mn(II) Cu (II)
1455vs 1482vs 1485vs 1489vs 1493vs 1492vsl
1439sh 1432s
■1422VW 1426vs 1425s 1426vs 1422s 1426vs
1414vw 1417s
1340w 1341sh 1341w 134 5m 1354m 1352m,
1347m
1309m 13 05m 1303s 1307m 1305m 1305s
1239rn 1240s 1240s 1243s 1240s 1243s
1 2 0 1 m 1207m 1209 w 1196m 1199s
1157vw 1152 s 1155s 1158 s 
1149sh
1151s
1146sh
1158sh
1149sh
H O l w 1 1 0 0 m 1 1 0 2 w 1 1 0 1 m 1104w
1094m 1091m 1095m 109 8 w 1089m 109 2m
1061w 1080sh 1081sh 1076m 1078w
972s 9 7 9w 981m 984 w 976s
966sh
98 2s
891m 89 2w 889w . 89 3w 89 6V7 897m
770vw 770vw 772vw 773m 775V7
750s 745m 749m 748m 750m
519vs 5 24m 526s
44CK^ 7
430V7
531sb
392vs 402vw 400w
382s 369vs 370s
356s 358vs 355 sh 350vsl
324sh
308s 314s ; 304w 305sh 305mb
289sh 240v7b 29 4m
276m 275sh
2 1 0 sb
Zri(H)
1495vs
1428vs
1343m
1307s
1242s
1199s
1149 s 
1104w 
1091m 
107 6 w 
974s
898m
772w
750m
534s
4 3 8 m
422m
388vsb
375sh
305mb
240vsb
'TABLE 59
R = Bu'
Salt
1465vs
1337m
1290m
1 2 2 0 s 
1204s 
1140m 
1032m 
1018m 
9 72 vs 
936m 
8  80vw
458s
435s
409s
392s
330mb 
2 87sb
V(III)
1487vs
1430sh
1422m
1386w
1358w
1339w
1 2  8  9vw
1247s 
1 2 0 2 m 
1149s 
109 6 w 
9 94vw
920vw
885w
430vw
405vw
364s
309m
Co(III) Co(II) Mn(II) Cu(II) Zn (II)
1480vs 1483vs 1481vs 1501vs 1495vs
1490sh 1480vs
1438sh 1438 s 1435s 1436vs
1422s 1429s 1414s 1425s 1425s
1382s 1386s 1385s 1385s 1386s
1358s 1359s 1350s 1358m 1359vs
1337s 1339s 1339m 1339m 1340s
1282w 1290vw 1280m 1290w 1291m
1255s
1245vs 1249vs 1241s 1250m 1248vs
1204m 1205m 1 2 0 2 m 1 2 0 0 s
1148vs 1150vs 1150m 1155s 1149s
1 1 0 0 m 1103m 1091m 1096 s 1095s
992m 997w 980s 986s 989s
972w 977vw 970sh 9 60vw 977s
918m 921w 922vw 921m 917m
8 8 0 w 882vw 889vw 885sh 8 8 6 w
459vs
440s 434m 440s
42 7m
432 420m 417m
406sh 40 8 w 407m 405w 400s
380m 382sh 375m
363s 361s 36 2vs 362vsb 359sh
342vw 351vs
32 9w 325vw 3 30vw
296s 306s 2  99w
230sb 237s
- 259 -
TABLE 60
R = 1>C4H8
Salt Co(III) Co (II) Mn(II) Cu(II) Zn (II)
1490vs 1481vs 1476vs 1498vs 1482vs
1455vs 1450vs 1455vs
1425vs 1442vs 1440vs 1435vs 1444sh 1440vs
1418vs 1410sh 1422vw
1323s 1330m 1329s 1332s 1338s 1338s
1242s 1245m 1248m 1249m 1251m 1252m
1218m 1217m 1 2 2 0 w 1 2  2 0 m 1 2 2 0 w
1178s 1180m 1184sh 1187w 1186m 1186m
1157s 1162s 1168s 1166s 1168s 1168s
1 1 0 1 m 1161s 1161s
999vs 1003w 1 0 0 0 s 998 s 1007m 1 0 1 0  s
999 sh 939s 999sh 999w
9 44vs 944m 912m 914m 920w 917m
865m 869vw 880vw 860vw 855vw 862w
835m 83 2w 831vw 825vw 830w 825w
439vs 449s 444s 442w 452m, 441vs
422vs 410m 415m 418m 414s 418 s
355sh
343s 349w 340vs 341vs
300s 333sh 308sb 317s
250w 292w 290m 240s
2 1 0 m 2 2 0 vw 2 30mb 250wb 223s
- 260 -
evidence that where R = Et, Prn or Bu 1  the alleged bis-
chelates are actually impure tris-chelates. For instance,
the strong band at 114 6  cm -" 1  in Co(S 2 CNMe2 ) 3  is split
into two components in Co(S2 CNMe2)2. Also, a very strong
absorption at 984 cm ^ in the cobalt(III) complex is
displaced to 971 cm ^ in the cobalt(II) derivative, the
intensity remaining unaltered. Little significance should
be attached to their far infra-red spectra because both
materials show two overlapping bands in the metal-sulphur
stretching region, possibly due to v(CoS) and a ligand
vibration. In fact, the more prominent band at 358 cm ^
in Co(S2 CNMe2 ) 2  has been assigned to v(CoS) which accords
, 243
well with the reported value of 360 cm . This band 
occurs in almost the same position in the vibrational 
spectrum of the platinum complex as assigned by Nakamoto 
et al. 2 4 4
The dissimilar positions and intensities of several 
bands in Mn(S 2 CNMe2 ) 2  (polymeric, possibly dimeric), 
Cu(S2 CNMe 2 ) 2  (five-coordinate dimer) and Zn(S2 CNMe2) 2  (four- 
coordinate dimer) reflect their different geometries. In 
all the zinc(II) dithiocarbamates studied, the stretching 
mode of the zinc-sulphur link was higher than in other 
metal dithiocarbamates.
Despite their X-ray isomorphism, the complexes 
M(S 2 CNEt2)2, where M = copper (II) and zinc (II),- have 
different structural details and this is reflected in 
certain differences in the infra-red spectra. The bands 
at 1000 and 850 cm ^ in the copper(II) compound are
resolved into doublets in Zn (S2 CNEt 2  ) 2  * Infra-red
evidence supports the view that the complex said to be
Mn(S 2 CNEt2)2 , prepared by Anand and nahiry, . is far
from being pure. The most serious discrepancy between
the spectra of an authentic sample of Mn(S 2 CNEt 2 )2 (I)
and that of the material (II) of Anand and Lahiry, is
_ 1
the absence of bands in the 1000 - 1100 cm for (II) 
whereas medium intensity peaks are located at 1067 cm ^ 
and 1076 cm ^ in (I). A strong band at 1269 cm ^ in (I) 
was also missing in (II). Additionally, the intense 
absorption at 985 cm  ^ in (I) was composed of two weak- 
to-medium bands between approximately 9 8 0  and 1010. cm ^ 
in (II). Comparisons of the strongest infra-red bands 
in Mn(S 2 CNEt2)2 , "Mn (S2 CNEt2) 2  OH" and Mn(S 2 CNEt2)3 ,
(Table 6 1  )reveal that, although they are different, - each 
compound contains bands not recognised in (II). These 
results coupled with magnetic and powder- diffraction data 
confirm that the results of Anand and Lahiry concerning 
bis (diethyldithiocarbamato).manganese (II) were erroneous .
133 90a
Mn(S 2 CNEt 2 ) 2  (I) nMn(S 2 CNEt 2 ) 2  OH " Mn(S 2 CNEt2 )
1486 vs V (CN) 1505 vs 1492 vs
1208 s 1195 s 1208 vs
1076 m 1074 m 1074 s
1067 m 1066 m ~
1005 sh 1002 m 990 m
. 985 s 972 s -
841 m 824 m 845 m
TABLE 61
Infra-red .bands of manganese diethyl dithiocarbamates (cra~-^
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The resemblance between Mn(S 2 CNEt2 ) 2  an<3- Mn(S 2 CNEt2 ) 2  OH
is more obvious than with the tris-chelate. The metal-
sulphur stretching bands are easily recognisable in the
di-n-propyldithiocarbamate complexes, except in the case
of Mn(S 2 CNPr 2 3) 2  where a shoulder at 355 cm ^ overlaps
-1with a stronger band at 370 cm . It is : noticeable that 
the far infra-red part of the spectrum for Mn(S 2 CNBu 2 ) 2  
is also more complex.
- 263 -
CHAPTER VIII 
EXPERIMENTAL TECHNIQUES
- -
Apparatus and .Preparative Methods.
Due to the high sensitivity of cobalt(II),
. manganese(II) and vanadium (II) and (III) compounds to
air all manipulations were carried out under vacuum or
an inert atmosphere of nitrogen using apparatus
246
previously described. "White spot" nitrogen was passed 
through a glass column about 50cm. in length and 5 cm. 
in diameter, containing slightly crushed B.T.S. 
deoxygenation catalyst, type R3/11, supplied by the 
B.A.S.F. Co.Ltd. Essentially the catalyst was composed 
of finely divided copper oxide deposited on an inert 
carrier and activated by various reagents. It was 
supplied in the oxidised form. After crushing it was 
placed in the glass column,. heated to 140-160°C, and 
reduced by purging with hydrogen. The water formed was 
drained out of the column. Nitrogen, which entered the 
vacuum line at A, Figure 59, could be dried after de- 
oxygenation by passage through another column containing 
anhydrous magnesium perchlorate, but this was unnecessary 
in the present work.
The apparatus was evacuated and flushed four times 
with nitrogen before use, and was always kept under 
nitrogen or vacuum. Air-sensitive complexes were 
filtered off and collected in the apparatus shown in 
Figure 60.
The cobalt (II) and manganese(II) compounds were pre­
pared from their hydrated acetates which are readily
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Figure 60
Apparatus for Filtration and Isolation of Air-sensitive
Complexes
^  To main 
apparatus
> Pump
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available commercially. However, due to the ready 
oxidizability of vanadium(II) salts, these materials 
had to be prepared by electrolytic reduction of vanadyl(IV) 
solutions under nitrogen in the apparatus illustrated in 
Figure 61.
Vanadium (II) chloride, vanadium (II) bromide and 
vanadium(II) sulphate were prepared in this way. These 
salts have been prepared before by Seifert and Auel 8  
whose electrolysis cell is schematically shown in Figure 62. 
The reaction vessel (Figure 61) consisted of a standard, 
Quickfit type (FR700F), having a five-inlet top (MAE^l^) 
joined by means of a ground glass flange. The cathode 
consisted of a large pool of mercury (1.5kg.) to which 
external electrical connection was made via a dipping 
platinum electrode. Throughout the electrolysis, the 
mercury was mechanically stirred. Before use, a steady 
stream of nitrogen was passed into the cell at A and out 
to the atmosphere through the bubblers connected at C in 
order to expel the air inside the cell. Alternatively, 
the cell could be evacuated and filled with nitrogen 
three times as the stirrer (type STl/05) was vacuum-tight. 
However, this was found to be unnecessary as traces of 
oxygen were removed during the electrolysis. The passage 
of nitrogen was allowed to continue for 15 minutes or so,
3the stopper (B) was removed and vanadyl (IV) solution (300 cm )
added against a stream of nitrogen. The anode compart-
2ment which housed a 1  cm platinum electrode was filled
or N
Cooling bath-
Stirrer
Pt anode — 
Sinter ~ 
Dipping electrode 
Mercury cathode -
Figure 61 -
Electrolysis cell used in the present work„
Condenser
Ar
Porous pot
v/
Ar
Carbon anode
Methanolic HC1
Dipping electrode 
Mercury cathode
Figure 62
Electrolysis cell used by Seifert 
and Auel.
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with acid of appropriate concentration. Similarly, it 
was inserted into position against a stream of nitrogen.
The base of the anode chamber was fitted with a Grade 3 
sinter, which separated the acid from the bulk of the 
vanadyl(IV) solution, but permitted electrical contact.
The electrodes were connected to a stabilized power 
supply providing a maximum current of 5A and voltage of 30V. A 
preselected constant current of 3A, was continuously 
passed through the solution for the duration of the 
electrolysis. The cell was immersed in a tank equipped 
with an efficient water cooling system. However, 
electrolysis was found to progress smoothly without the 
aid of any coolant.
The optimum conditions for preparing vanadium(II) 
hydrated salts are outlined below.
VC1 2 .4H2 0; VC1 2 .2H20
To obtain vanadyl(IV) chloride dry vanadium pentoxide
(2 0 g. ) was treated with concentrated hydrochloric acid
3 3
(60cm ) and ethanol (15cm ). The resulting slurry was
stirred and brought to the boil. The brown solution was
evaporated to dryness. Colour changes from brown to
green to blue were observed. Once dry, the blue-black
3mass was dissolved in hot water (600cm ) and filtered
to remove any solid impurities. The filtrate was made
up to one litre and a small quantity of hydrochloric
acid added to make the acidity about 0.5M. In this
way the vanadyl(IV) chloride solution contained approx-
3imately lg. of vanadium(IV) per 50 cm of water.
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3A portion (300 cm ) of the stock solution was 
electrolysed, applying-a constant current and voltage 
(3 A., 30 V. ). Nitrogen was bubbled slowly through
the solution. Hydrogen was passed into the anode 
chamber (which contained 0.5 M HC1) to sweep out the 
chlorine produced. In a typical electrolysis, the 
current drawn initially by the solution would be 
approximately, say 0.8 A. but-after an hour or so, when 
the acid in the anode compartment had become saturated 
with chlorine, the current would decrease to say, 0.2 A., 
indicating that the acid required replenishing.
Approximately eight hours was needed to effect
complete reduction, during which time the colour changed
from blue to green to violet. Occasionally, hydrolysis
occurred at some stage of the procedure, turning the
solution dark brown. This was overcome by adding con-
3centrated hydrochloric acid (1 - 2  cm ) to the cathode 
solution. The violet solution of vanadium (II) chloride
3
was transferred under nitrogen into a 750 cm round- 
bottomed flask after filtration through a sinter covered 
with a pad of gooch asbestos. The solution was evaporated 
to dryness under vacuum at 45-50°C. The resulting blue-
3
green solid was shaken with diethyl ether (150 cm ), 
broken into discrete crystals with the aid of a brass rod 
(inserted into the vessel against a stream of nitrogen), 
filtered off, washed with diethyl ether and vacuum dried 
for one hour.
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Crystals of the dihydrate were obtained without
heating the tetrahydrate to 90°C as specified by
8
Seifert and Auel. Usually, evaporation to dryness 
yielded green plate-like crystals of V C ^ .  2 H 2 O mixed 
with some blue crystals of V C ^ . 4 H2 O.
For the efficient operation of the electrolytic 
procedure certain conditions were observed:
1. For the preparation of the vanadium(IV) oxychloride 
the vanadium pentoxide used should be dry. It was 
reduced more readily by an hydrochloric acid/ethanol 
mixture than the acid alone. Reduction of vanadium (V) 
to vanadium (IV) was completed in one evaporation with 
the former reagents. With acid alone only partial re­
duction occurred and the evaporation had to be repeated 
at least once.
2. In the electrolysis, the time required to produce 
the violet vanadium (II) state was considerably lengthened 
if the concentration of stock vanadyl (IV) solution
was high. . It was difficult to be certain when reduction 
was complete because the vanadium (II) colour masked that
due to small amounts of vanadium (III) (see. 4 below).
3. The electrolysis proceeded slowly when concentrated
hydrochloric acid was used in the anode chamber so 0.5M 
acid was preferable.
4. Solution spectra showed that the initial dark violet
solution produced during the electrolysis contained some
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vanadium(III) ions, and the pale violet solution formed 
an hour later contained only vanadium(II) ions. There­
fore, the solution was removed from the cell only after 
the pale violet colour had been produced.
5. Once formed, the pale violet solution was removed 
from the cell in a relatively short time otherwise 
decomposition of the vanadium (II) chloride occurred in 
the cell, even under nitrogen, with consequent deposition 
of impurities on the mercury cathode. Once removed, the 
hydrated vanadium (II) solutions can be stored indefinitely 
in anaerobic conditions.
6 . When concentrating the vanadium (II) chloride solution, 
the temperature should be maintained within 45 to 50°C. At 
higher temperatures, say 90°, water was removed quickly 
but some decomposition occurred. Temperatures in excess
of 90°C lead to greater decomposition of the vanadium (II) 
salt.
8  8  7
7. Seifert and Auel, and Patel, passed gaseous HCf into 
3
20 cm of the vanadium (II) chloride concentrate to 
crystallize out the tetrahydrate VCl^ * 411^ 0 which was 
readily extracted into acetone. Our studies showed this 
procedure to be time consuming, and it was quicker to 
isolate the green VCl^^H^O as a starting material for the 
preparation of other vanadium (II) complexes.
8 . The anode chamber should not be left in contact with
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the stock solution when the cell is not in use as 
impurities are deposited on the sinter.
VBr2-6H20
Dry vanadium pentoxide (20 g.) was dissolved in
3  •
concentrated A.R. hydrobromic.acid (40 cm .,sp.gr .1.49) 
and the resulting brown solution was evaporated to 
dryness. The blue mass of vanadyl (IV) bromide was 
dissolved in hot water, filtered, and the filtrate made
3
up to 500cm , and a small quantity of concentrated
3
hydrobromic acid (5 cm ) was added.
3A portion (300 cm ) of this stock solution was
placed in the cell. The anode chamber was filled with 
3
15 to 20 cm of concentrated hydrobromic acid, and the 
current and voltage were preset (3A, 30V.). Bromine 
liberated at the anode was swept out by bubbling 
nitrogen through the acid. Under these conditions, the 
time taken to complete the electrolysis was of the 
order of ten hours. Usually, colour changes from blue 
to green to violet were observed but occasionally the 
green colour was unaccountably not seen. Hydrolysis, 
indicated by the appearance of a brown solution was 
compensated for by the addition of concentrated hydro-
3
bromic acid (1 - 2  cm ) .
The violet solution was then filtered and trans-
3
ferred to a 750cm round-bottomed flask. After 
evaporation to dryness under vacuum at 45°C (higher
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temperature causes some decomposition) violet crystals 
formed in bulk. They were suspended in ice-cold 
ethyl acetate (warm ethyl acetate dissolves an appreciable 
amount o f V B ^ . G ^ O )  filtered off, washed with ethyl 
acetate and finally dried in vacuo for two hours. The 
pale green filtrate contained some vanadium(III) 
impurity which dissolved readily in ethyl acetate.
Special points of interest applicable to the overall 
procedure are as follows:
1. Highly concentrated vanadyl(IV) stock solutions
3
(ca. 3 g. of vanadium (IV) per 50 cm ) necessitate many 
hours (sometimes 25-30 hours) of electrolysis before 
the blue oxybromide is converted into the violet 
vanadium(II) bromide.
2. Passage of nitrogen into the anode chamber, to 
remove bromine, allows the electrolysis to progress 
smoothly. This contrasts with the vanadyl(IV) chloride 
reduction where it is better to employ hydrogen to 
sweep out liberated chlorine.
VS04.6H20
3
Concentrated sulphuric acid (30cm ) and water
3
(40 cm ) were added to vanadium pentoxide (18 g.) and
the mixture heated on a steam bath for twenty minutes.
3
After dilution to 375 cm , sulphur dioxide was passed
through the solution until the brown vanadium(V) sus­
pension was reduced to the dark blue vanadium(IV) 
sulphate. The vanadyl(IV) sulphate solution was con­
centrated to one fifth its original volume. Nitrogen
was bubbled through to remove sulphur dioxide and the
3solution diluted to one litre. In this way 100cm of
solution contained about Ig. of vanadium (IV).
Electrolytic reduction (3 A., 30V.) of VOSO^
3
(300 cm ) was carried out in the cell used for the 
vanadium oxy-halides. Sulphuric acid (2M.) was used 
in the anode chamber and replenished several times 
throughout the electrolysis. Approximately eight hours 
was required to obtain the intense violet vanadium(II) 
solution, which, under an atmosphere of nitrogen was 
then extracted from the electrolytic cell, filtered 
through a pad of gooch asbestos supported on a sintered
3
disc and collected in a 750cm round-bottomed flask. 
After evaporation to about half volume at 40°c, absolute 
ethanol (200 cm'5) 'was added and the resulting solution 
stored at 0°C for two days. The fine violet crystals 
of VSO^'^t^O were filtered off, washed with ethanol 
and vacuum dried for several hours.
A schematic outline of the preparation of the 
vanadium(II) hydrate and alcoholate salts used in the 
present work is given in Figure 63.
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Magnetic Measurements
The Gouy method was used to determine the magnetic 
susceptibilities over the temperature range 90-300°K 
of the compounds prepared in this work. A magnetic 
field of about ..6,000 gauss was provided by an electro­
magnet, and the force on the specimen was measured on 
a semimicro-chemical balance (Figure 64 ). Due to 
their air-sensitivity, samples were sealed in Pyrex 
glass tubes under vacuum. The tubes were of uniform 
cross-section with flat bases and had been individually 
calibrated for their diamagnetism over the temperature 
range. The molar susceptibility xm was calculated from 
the formula
Xm = 2Mglw 
WH2
where M = the molecular weight of the compound,
g = the acceleration due to gravity,
1 = the length of the sample,
w = the change in weight on application of the
field (allowing for the diamagnetism of the glass), 
W = mass of compound,
H = the magnetic field experienced by the sample.
The apparatus was calibrated by means of a nickel(II)
247chloride solution by the method of Nettleton and Sugden.
The atomic susceptibility xA of the metal ion was 
obtained by correcting xm f°r t*10 diamagnetism of the
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Figure 64
Apparatus for Magnetic susceptibility measurements.
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ligands and ions present in the compound. The diamagnetic 
corrections were obtained from Pascal's constants. The 
effective magnetic moment was then calculated from the 
formula
= 2 .828 J  xaT B.M.
Sources of error. Provided the sample was cylindrical 
the formula for calculating xM is valid. Deviations 
from non-uniformity, arising from non-homogeneous 
packing, can cause appreciable error in the measurement 
of xM * Therefore, the tubes were sharply tapped on their 
bases until a constant length of sample was obtained.
- Ill-definition of the top of the sample in the tube 
can cause further errors due to inaccurate measurement 
of sample length. For example, a 2% error in the measure­
ment of the tube length could give rise to ca. 2% error in 
the value of xa anc^  ca* error in the value of y .■ S
Infra-Red Spectra
The infra-red spectra, over the range 4,000-200 cm 
were recorded as nujol or hexachlorobutadiene mulls 
between KBr plates (above 600 cm or polythene discs 
_1
(below 600 cm ) on a Perkin Elmer 577 spectrophotometer. 
Air-sensitive complexes were mulled inside a plastic bag 
flushed out with nitrogen. The mulling agent had been 
previously deoxygenated with nitrogen and then stored 
over 3A molecular sieves.
Ultra-violet and Visible Spectra*
Diffuse reflectance spectra were recorded over the 
range 45,000-5,000 cm ^ on a Unicam SP 700C spectrophoto­
meter using lithium fluoride as the reference. Air- 
sensitive complexes were sealed under vacuum in a 2mm. 
silica solution cell (Figure 65) and fitted, into the 
reflectance attachment on the spectrophotometer. Cooling 
the sample and reference cells by leaving them in contact 
with a copper vessel filled with liquid nitrogen allowed 
spectra at low temperature to be recorded.
Solution Spectra
A Unicam SP700C spectrophotometer (normal operation) 
was used to record the solution spectra of the compounds 
prepared in this work. Sample solutions contained in a 
1 cm. silica cell under nitrogen were prepared using the 
apparatus shown in Figure 66 . Pure solvent was placed 
in the reference cell.
X-Ray Powder Photographs
Powder photographs were taken with a Philips Debye- 
Scherrer camera, Type P.W. 1026, having a diameter of
o
114 .83 mm, using nickel-filtered CuKct radiation (A=l. 5418A) . 
All samples were sealed in 0.5mm. diameter lead-free 
borosilicate Lindemann capillaries.
The compound was transferred to the capillary with
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Figure 66
Apparatus for Solution Spectral Studies
Compound in 
notched tube
1 cm. Silica cell
Solvent
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the apparatus shown in Figure 65. The open end of the
capillary was inserted into a narrow bore polythene
tube which, in turn, was attached to the breaking 
apparatus.
The apparatus was evacuated and flushed out with 
nitrogen several times. After snapping the sample tube 
the compound was gently tapped into the capillary. By 
agitating the external wall of the capillary with the
serrated edge of a coin the sample was well packed to a
depth of about 1cm. Then, under a slight vacuum, the 
capillary was sealed off using a match flame and 
centrally mounted in the camera. The X-ray powder 
pattern was taken according to the Straumanis method. A 
film was slotted into position around the circumference 
of the camera. The camera was placed in a Philips 
X-ray generator and the specimen irradiated with a narrow 
beam of monochromatic X-rays whilst being electrically 
rotated about its longitudinal axis. In this way a 
series of diffraction cones of half angle 2 9 emerged 
and intersected the film, appearing as curved lines or 
arcs. The interplanar spacings, d, of the crystallites 
within the powdered specimen could be obtained from 
Bragg’s Law.
A - 2d sin 9 
where A = X-ray wavelength
d = the interplanar spacing 
6 = Bragg angle
- 284 -
The exposure time required to give a pattern with 
well defined lines was dependent on the nature of the 
specimen. Generally, 1-2 hours was sufficient for 
this purpose.
The positions and intensities of the lines are 
determined by the spacing of the layers of ions or mole­
cules in the specimen. Distances between the powder rings 
were measured on a Hilger-Watts vernier instrument from 
which values of 6 were obtained. Values of d were deduced 
from graphs which plot d as a function of e. The 
relative intensities of the lines were estimated visually.
Analytical Methods
In each metal determination it was necessary to 
eliminate all organic matter by treatment of the complex 
with oxi drsing acids. Analyses were always performed 
in duplicate or triplicate.
A weighed sample of the complex (0.1-0.3 g) was
treated with a mixture of concentrated sulphuric acid
3 3(5 cm ), concentrated nitric acid (3 cm ) and perchloric
3
acid (0.5 cm ) . . The resultant mixture was fumed to
3
dryness and the inorganic residue dissolved in 75-100 cm 
of water.
Cobalt . The percentage of cobalt was determined
- 285 ~
0/0
gravimetrically by the pyridine-thiocyanate method.
The solution was neutralised by the addition of a few 
drops of ammonia using methyl orange as indicator.
A.R. ammonium thiocyanate (1.2 g) was added, the
3
solution heated to boiling, and pyridine (2 cm ) then
added. Thus, the cobalt was precipitated as the
complex Co (C^H^N) (SCN) 2  • This was filtered off on
a sintered glass crucible, washed with solutions
24 8
specified by Vogel and dried in a vacuum desiccator 
for 30-50 minutes.
Manganese. The solution was adjusted to pH 4-5 with 
dilute ammonia solution using methyl red as indicator. 
Rochelle salt (0.3g.) to prevent precipitation of 
manganese hydroxide, ascorbic acid (0.3g.) to prevent 
oxidation of manganese to the dioxide, and a two-to 
three-fold excess of 0.01 M EDTA were added. The 
solution was adjusted to pH 10 with dilute ammonia 
solution, and a few drops of Eriochrome Black T 
indicator were added. The excess EDTA was then back 
titrated against standard 0.01M. zinc sulphate 
solution until the colour changed from blue to red.
Vanadium. After destroying the organic matter in the 
vanadium compounds, the residue was digested for several
3
hours with concentrated sulphuric acid (1cm ) and 75%
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3perchloric acid (30 cm ). The solution, containing
3vanadium(V), was cooled, diluted with water (70cm )
3
and treated with syrupy phosphoric acid (15 cm ) - 
Excess of 0.05 N-ferrous ammonium sulphate was added 
and back titrated with 0.05 N-potassium permanganate 
using ferroin indicator. The colour changed from 
pale blue to a. faint pink at the end point.
: Halides . The percentage of halide in some vanadium
complexes was determined gravimetrically as the silver
halide. The complex (0.1 - 0.2 g.,) was dissolved in
• 3water (130 cm ) and destroyed by gently boiling with a 
few drops of concentrated nitric acid.
Microanalysis. Carbon, hydrogen and nitrogen analyses
were carried out by the University of Surrey Microanalytical
Laboratory.
CHAPTER IX
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Investigations of Manganese(u) Compounds of NN -Disubstituted Di- 
thiocarbamates
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The newlnanganese(ii) compounds [M n (S 2CNR2) 2] ( I ;  R = Me. Et. PrA, or Bu1. or R2 = C4H8) have magnetic 
properties expected for bi- or poly-nuclear structures in which antiferromagnetic interaction occurs. X-Ray  
powder investigations indicate that when R = Pru the copper(n) (known to be sulphur-bridged and binuclear) 
and manganese(n) compounds are of similar structure, but contrary to an earlier report the compounds with R = Et 
are not. Similarities between the powder data for certain iron(n) and manganese(n) compounds (R =  Me or 
R2 = C4H8) suggest that the latter are polynuclear. The magnetic results do not confirm the previous assignment 
of a spin-quartet state to ( I ;  R =  Et). which was in error because of partial oxidation. Reaction of nitrogen 
oxide, NO. with this compound does not give a stable nitrosyl, but produces an oxidation product of the approxi­
mate composition M n(S 2CNEt2) 2OH.
M a n g a n e s e ( i i )  compounds of 2ViV-disubstituted dithio- 
carbamates, [M n ^ C N R ^ J , have not been fully  
characterised1 because these yellow substances readily 
oxidise in air, apparently to the dark violet manganese(m) 
compounds [Mn(S2CNR2)3]. Recently the diethyl- 
substituted manganese(n) compound has been reported 2 
to have effective magnetic moments, (xeft., of 4.1 and 3.8 
B.M . at 298.5 and 98.5 K  respectively,! and to be 
isomorphous w ith the planar 3 compound [Ni(S2CNEt2)2], 
although earlier X -ray  powder investigations 4 indicated 
a sulphur-bridged, binuclear, five-co-ordinate structure. 
Manganese(n) compounds usually5 have spin-only
t 1 B.M. «  9.27 x 1(T24 A m 2.
1 D. Coucouvanis, Progr. Inorg. Chem., 1970,11, 233.
2 S. Lahiry and V. K. Anand, Chem. Comm., 1971,1111.
3 M. Bonamico, G. Dessy, C. Mariani, A. Vaciago, and L. 
Zambonelli, Acta Cryst., 1965, 19, 619.
magnetic moments of ca. 5.9 B.M . (high-spin d5 con­
figuration, S =  •§) which are temperature independent 
unless antiferromagnetism is present. I t  was therefore 
considered2'5 that an unusual quartet ground state 
(S =  f ) occurs in planar [Mn(S2CNEt2)2]. However, 
the present investigation shows that this conclusion was 
erroneous through at least partial oxidation of the 
sample of [M n^C N E tg)^ .
RESULTS AND DISCUSSION
Magnetic Behaviour.— The Mn11 compounds, [Mn- 
(S^NRg)^ (I) (Table), were handled under nitrogen or 
in vacuo, and the magnetic measurements were carried
4 J. P. Fackler and D. G. Holah, Inorg. Nuclear Chem. Letters, 
1966, 2, 251.
8 F. A. Cotton and G. Wilkinson, ‘Advanced Inorganic 
Chemistry,’ 3rd edn., Interscience, New York, 1972.
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out on sealed specimens. The magnetic moment * of 
( I ; R  =  E t) (Table) at room temperature was only 
slightly below 5.90 B .M ., and even at liquid-nitrogen 
temperature was still greater than 5.0 B .M ., much higher 
than the earlier values.2 The temperature variation is 
ascribed to antiferromagnetic interaction and can be 
replicated by substitution of the J  and g values given 
in the Table in the expression6 for interaction in a 
binuclear compound w ith S =  f .  The other Mn11 
compounds showed similar magnetic behaviour with  
varying degrees of interaction (Table). In  one case 
( I ; R  =  Prn) a Neel point (142 K) was found within the
seem that the earlier temperature-dependent values 
were obtained 2 from measurements on impure material 
of this sort. These magnetic moments are also reason­
ably close to those obtained for the so-called Mn11 
species with a quartet ground term. Analytical data do 
not readily distinguish between oxidised or partly  
oxidised m aterial and the genuine manganese(n) 
diethyldithiocarbamate so that confusion is possible.
X -R ay Powder Patterns.— The compound [Cu- 
(SgCNEt^g] is binuclear in the solid13 and it  has been 
confirmed8 that it  is isomorphous w ith the Fe11 com­
pound. Our d spacings for the Cu11 and N in compounds
Analyses and magnetic properties of the compounds [Mn(S2CNR2)2], (I)
Analyses•(/%) T fJtef. 4 0 * 108 Diamagnetic correction J_
R Colour Mn C H N IT B.M. O c.g.s. units cm-1 g
Me Pale yellow 18.8 24.2 4.1 9.0 295 5.58 142 3.90 1.99
(18.6) (24.4) (4.1) (9.5) 90 5.13
28 190 4.10 1.98Et Pale yellow 16.3 34.2 6.8 7.9 295 5.61
(15.6) (34.2) (5.7) (8.0) 90 5.09
238 19.7 2.06Prn Yellow 13.4 41.3 7.2 6.6 295 4.85C
(13.5) (41.2) (6.9) (6.9) 90 2.88
35 290 3.90 1.93Bu‘ Pale yellow 11.8 46.7 7.8 5.8 295 5.47
(11.9) (46.6) (7.8) (6.0) 90 4.93
16 176 2.60 1.92iC4H8 Pale yellow 16.0 34.9 4.9 7.4 295 6.55
(15.8) (34.6) (4.7) (8.0) 90 5.19
° Calculated values are given in parentheses. 
Neel point at 142 K.
6 Calculated from pefl. = 2.828 faa?')1 and the Curie-Weiss law, Xa 1 °c (T + 6).
available temperature range. Some of these compounds 
may be polymers rather than dimers (see later), but 
magnetic data are not very sensitive 7 to chain length. 
Analogous iron(n) and chromium(n) dithiocarbamates 8*9 
are also antiferromagnetic. The results above show 
that manganese(n) dithiocarbamates are not compounds 
in which intermediate spin pairing occurs.
The Mn111 compound [Mn(S2CNEt2)3] has been 
reported2 to have magnetic moments of 4.4 B.M. at 
298.5 K  and 3.64 B.M . at 97 K  whereas other workers 10-n  
have obtained temperature-independent values of ca. 4.9 
B.M . for this and similar Mnn i compounds. The low 
values were probably obtained on partly decomposed or 
unrecrystallised material. From the literature it  would 
appear that tris(dithiocarbamato)manganese(m) com­
pounds can be readily prepared by aerial oxidation of 
the suspension produced when aqueous o r. aqueous 
ethanolic solutions are mixed. However, it  has been 
reported12 that recrystallisation under nitrogen is 
necessary to prevent aerial decomposition. We have 
found that if the preparation of the Mn111 compound is 
carried out under a variety of conditions in air the solids 
obtained directly have the approximate composition 
Mn(S2CNEt2)2OH and have magnetic moments of ca. 
4.7 B.M. at 293.0 K  and 3.9 B.M. at 87.5 K . I t  would
* Magnetic, i.r., reflectance, and X-ray-diffraction data for the 
complexes are in Supplementary Publication No. SUP 21420 
(8 pp.). For details see Notice to Authors No. 7, J.C.S. Dalton, 
1974, Index issue (items less than 10 pp. are supplied as full-size 
copies).
8 A. Earnshaw, ‘ Introduction to Magnetochemistry,’ Aca­
demic Press, London, 1968, p. 77.
7 A. Earnshaw, B. N. Figgis, and J. Lewis, J. Chem. Soc. (A), 
1966, 1656.
agree well w ith the known values,4 as do the values for 
[Cr(S2CNEt2)2]. However, the d spacings for ( I;  
R  =  E t) differ considerably from these reported earlier,4 
the reason for this being unknown, and from the pattern 
for the Cu11 compound; thus the Mn11 and Cu11 com­
pounds are not isomorphous although this does hot 
exclude a binuclear structure for the former. Contrary 
to an earlier report2 there is no resemblance between the 
powder patterns of [Mn(S2C N Et2)2] and planar [N i- 
(S2CNEt2)2], The powder pattern of ( I;  R  =  Prn) is, 
however, similar to though not identical w ith that of the 
corresponding Cu11 compound which has been shown14 
to be a sulphur-bridged dimer. On the other hand, the 
compounds [Mn(S2CNC4H 8)2] and [Fe(S2CNC4H 8)2] are 
very similar though not isomorphous as are [Mn- 
(SgCNMe^j;] and [F e^C N M e^J , and from Mossbauer 
studies the Fe11 compounds are believed to be octahedral 
polymers. Obviously, different substituents have a 
marked effect on the structure. Since it  would be 
difficult to grow and handle single crystals of these 
highly air-sensitive iron(u) and manganese(u) dithio­
carbamates, powder photographs of the corresponding 
Cu11 and Znn compounds were recorded. I t  was hoped 
that further isomorphous relations would be found,
8 B. W. Fitzsimmons, L. F. Larkworthy, and R. R. Patel, 
J.C.S. Chem. Comm., 1973, 902.
9 L. F. Larkworthy and R. R. Patel, Inorg. Nuclear Chem. 
Letters, 1972, 8, 139
10 B. N. Figgis and G. E. Toogood, J.C.S. Dalton, 1972, 2177.
11 L. Que, jun., and H. Pignolet, Inorg. Chem., 1974,13, 351.
12 R. M. Golding, P. C. Healy, and A. H. White, Trans. 
Faraday Soc., 1971, 67, 1672.
13 M. Bonamico, G. Dessy, A. Mugnoli, A. Vaciago, and L. 
Zambonelli, Acta Cryst., 1965,19, 886.
14 A. Pignedoli and G. Peyronel, Gazzetta, 1962, 92, 745.
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particularly w ith the d5 (manganese) and d10 (zinc) 
compounds, but none emerged. There were no obvious 
similarities between the photographs of the di-isobutyl 
dithiocarbamates.
Reaction with Nitrogen Oxide.— When degassed solu­
tions of sodium diethyldithiocarbamate and manganese- 
(n) chloride tetrahydrate (2 :1 molar ratio) in 50%  
ethanol were mixed in an atmosphere of nitrogen oxide, 
NO, a fine yellow precipitate [presumably ( I;  R  =  E t)] 
formed immediately and this darkened after a few 
minutes. When the uptake of NO had ceased, the 
black product was filtered off and its analyses, powder 
photograph, reflectance spectrum, and i.r. spectrum 
(which did not contain any NO absorptions) were almost 
identical w ith the corresponding data for the black 
m aterial obtained by mixing the manganese and sodium 
salts in air. Several metals form nitrosyls15 of the type 
[M(NO)(S2C N Et2)2], but it  appears that NO oxidised the 
manganese (ii) diethyldithiocarbamate as it  does other 
Mn11 chelates such as that of N N '-ethylenebis(salicyl- 
ideneimine).16
EXPERIMENTAL
Preparation of Metal Compounds.— To prepare the 
manganese complexes, manganese (ii) acetate tetrahydrate 
and the sodium dithiocarbamate (1:2 molar ratio) were 
separately dissolved in 50% aqueous ethanol and the 
solutions thoroughly degassed. The ligand solution was 
then slowly added to the metal solution under nitrogen. 
The yellow precipitate, which formed immediately, was 
filtered off, washed with 50% ethanol and then absolute 
ethanol, and dried by pumping on the compound for 
several hours. It was then sealed in glass tubes in vacuo.
The sodium dithiocarbamates were obtained commercially 
or prepared by standard methods.
Bis(diethyldithiocarbamato)nickel(u) was obtained as a 
lime-green precipitate when solutions of nickel(u) chloride 
hexahydrate and sodium diethyldithiocarbamate in 50% 
ethanol were mixed. The copper(u) and zinc(u) com­
pounds were obtained from the sulphates by similar 
procedures.
Analyses and Physical Measurements.— The compounds 
were fumed almost to dryness with a mixture of oxidising 
acids to eliminate organic matter. Nickel was determined 
as the dimethylglyoxime complex and manganese by 
direct or back titration with 0.01m  ethylenediaminetetra- 
acetic acid.
X-Ray powder photographs of air-sensitive compounds 
were recorded on samples in sealed Lindemann capillaries 
with.a Philips camera P W  1024/00 of radius 114.6 m m  and 
copper K a radiation. Magnetic measurements were carried 
out as before.16 The i.r. spectra of the Mn11 compounds, 
recorded in Nujol mulls on a Perkin-Elmer 157G spectro­
photometer, were similar to those of the corresponding 
Cu11 compounds except that the CN stretching frequency 
was usually ca. 20 cm"1 to higher frequency. These spectra 
also showed that impure materials had been studied earlier. 
Reflectance spectra gave little information because, as 
comparison with analogous zinc compounds showed, they 
were dominated by charge transfer.
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